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Abstract

ASSESSMENT OF NEW INNOVATIONS IN PET/CT FOR RESPIRATORY
MOTION CORRECTION

Joseph Gabriel Meier, B.S.
Advisory Professor: Osama R. Mawlawi, Ph.D.

In oncological imaging, Positron Emission Tomography/Computed Tomography
(PET/CT) is a vital tool used for stating and treatment response assessment of patients due to its
ability to visualize and accurately quantify the bio-distribution of radiolabeled pharmaceuticals.
However, due to the long acquisition times, respiratory motion blur is unavoidable in PET
images especially in the lower lung and upper abdomen. This leads to reductions in measured
radiotracer concentration and lesion detectability all of which can potentially result in incorrect
management of patients. Multiple methods exist to correct for respiratory motion but are rarely
used in the routine clinical setting because of: 1) increased image noise due to the rejection of
motion blurred data; 2) burdensome workflows which require setup and troubleshooting of
external hardware needed to track patient breathing; 3) and ineffective respiratory motion
correction due to irregular patient breathing potentially caused by the abrupt bed transitions
during step and shoot (SS) whole body PET acquisition.
Our goal of this Ph.D. dissertation is to address these three issues by evaluating 1) a precommercial version of a vendor designed elastic motion correction (EMC) algorithm which uses
all of the acquired PET data resulting in reduced image noise; 2) a pre-commercial version of a
vendor designed data driven gating (DDG) algorithm, which determines the respiratory
waveform from the PET data alone, thereby removing the need for and challenges of external
hardware; 3) the effect of using continuous bed motion (CBM) as compared to SS as a means to
minimize the irregularity of patient breathing.
vi

The results of these evaluations showed that the EMC algorithm performed similarly to
conventional respiratory motion correction techniques with respect to radiotracer quantification,
however, due to using all of the acquired PET data, the EMC algorithm showed improved
performance resulting in the lowest amount of image noise, improved contrast to noise ratio,
and had the highest overall image quality scores as assessed by independent observers.
Evaluation of the CBM DDG algorithm showed that in comparison to an external device, the
measured respiratory waveforms, radiotracer quantification, and assessment of the presence of
respiratory motion blur were similar, demonstrating that the CBM DDG algorithm holds
promise as a replacement to external hardware devices currently needed to measure respiratory
waveforms and hence could potentially simplify the data acquisition workflow. Finally, we
found no statistically significant differences between the CBM and SS PET acquisition modes
with respect to the regularity of respiratory waveforms, radiotracer quantification, contrast to
noise ratio and perceptions of respiratory motion blur.
In conclusion, although no reductions of irregular breathing were found between CBM
and SS, improvements in image quality through the use of EMC and reductions of workflow
complexity through the use of DDG will hopefully facilitate the routine adoption of respiratory
motion correction in PET/CT.
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Chapter 1: Introduction
This work aims to enable routine correction for the uncertainties in quantification and
visualization of radiotracer activity concentration caused by respiratory motion blur of tumors in
positron emission tomography (PET) images. These uncertainties can lead to decreased
confidence in diagnosis or treatment response assessment in cancer imaging, as well as failure to
find tumors of low detectability, all of which could result in incorrect management of patients.
1.1

Background

1.1.1 Introduction to PET
Non-invasive medical imaging originated from the discovery of X-rays by Wilhelm
Conrad Röentgen in 1895 and the subsequent observation that these X-rays penetrated materials
such as tissue, bone, or metal to varying degrees[1]. This laid the foundation for anatomical
imaging with ionizing radiation for radiography, fluoroscopy, mammography, angiography, and
x-ray computed tomography(CT). Further advances in anatomical imaging led to harnessing
non-ionizing radiation for Ultrasound and Magnetic Resonance Imaging(MRI). Nuclear
medicine imaging on the other hand is primarily a functional imaging modality and is capable of
imaging a vast array of biological processes with an ever-expanding arsenal of radiotracers. The
advantage that nuclear medicine imaging has over every imaging modality is its unparalleled
lower limits of detection in vivo. MRI typically has a lower limit of detection in the millimolar
concentration range (~ 6 x 1017 molecules per mL tissue range), while nuclear medicine studies
routinely detect in the nanomolar to picomolar range (~6 x 1011 to 6 x 108 molecules per mL
tissue range)[2]. Consequentially, nuclear medicine can image biological processes, such as
glucose metabolism, myocardial perfusion, and indicators of Alzheimer’s disease such as tau
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protein deposition, with trace amounts of radionuclides, preventing perturbation of the
underlying biological processes being imaged.
Accurate quantification and visualization of the biodistribution of these radionuclides in
nuclear medicine requires Single Photon Emission Computed Tomography (SPECT) or PET
systems. SPECT detects single photons and so must use physical collimation to determine the
direction from which the photon was emitted. In contrast, for PET imaging two photons are
produced for each positron that is emitted from the radionuclide, and so physical collimation is
not required, resulting in improved performance over SPECT[3]. In a comparison of the
Siemens mCT Flow PET to the Siemens Symbia Intevo SPECT, the measured sensitivity for
PET was 9632 cps MBq-1 when using Flourine-18 (F-18) and for SPECT was 119 cps MBq-1
when using Technetium-99m, showing that PET sensitivity is ~2 orders of magnitude higher[4].
This increased sensitivity greatly improves image quality which can be traded for decreased
injected activities or shorter acquisition times. This study also showed that PET has better
resolution at the center of the field of view as measured by the full width at half maximum
(FWHM) of 4.3 mm when using F-18, compared to 13.1 mm for SPECT when using Tc-99m.
Central to the improved performance of PET is harnessing positron emission which
occurs in nuclei with a low neutron to proton ratio by conversion of a proton to a neutron via
positron(β+) emission:
𝐴
𝑍𝑋

=

𝐴
𝑍−1𝑌

+ 𝛽+ + 𝜈

The excess transition energy from the nucleus is shared in the form of kinetic energy between
the β+ and the neutrino(ν). The β+ deposits its kinetic energy through coulombic interactions as
it travels from the nucleus. The mean energy and range of different positron emitters impacts
the resultant image resolution[5]. When the β+ has slowed down sufficiently, it combines with
an electron and since the β+ is the antimatter counterpart of the electron, the particles annihilate
2

and the mass of the electron and β+ is converted into energy in the form of two 511 keV
photons. If annihilation occurs when the particles are at rest, the photons will be emitted 180
degrees with respect to each other to conserve momentum. However, the annihilation usually
occurs before the particles have come to rest and so the photons are not emitted at 180 degrees
apart. These two 511 keV photons that are emitted from each annihilation enable PET cameras
to forgo utilization of physical collimation resulting in the substantial improvements in
sensitivity and resolution in comparison to SPECT.
For PET scanners, electronic collimation is used to locate the annihilation events. Clinical
PET scanners such as the 5 ring Discovery MI[6] seen in figure 1.1 are composed of a cylindrical
array of PET detectors.

Figure 1-1. Diagram of positron annihilation with an electron and detection of the 2 x 511
keV photons between detector pairs(left). Discovery MI 5-ring(25 cm axial) PET detector
(right).

Each PET detector operates in coincidence mode with the other PET detectors. In figure 1-1, the
two annihilation photons interact with detector A and detector B respectively, and in order for
these two interactions to be registered as a coincidence event, they must fall within a coincidence
3

timing window (for example: Siemens mCT Flow: 4.07 ns [7]), and an energy window (for
example: Siemens mCT Flow: 435 – 650 keV). The line connecting each detector pair is known
as a line of response. For each detected coincidence event, the time the events were detected, and
which detector pair detected the coincidence event are recorded. Advancements in the detector
scintillators, photomultipliers, and electronic circuitry has substantially improved the timing
resolution of scanners enabling time of flight imaging. The best clinically available timing
resolution is 210 ps (Siemens Biograph Vision PET [8]) leading to an uncertainty in coincidence
event localization of 3.15 cm, as opposed to assigning the coincidence event location to the entire
line of response upwards of 80 cm in length.
To create images of the biodistribution of the PET radiotracers, the recorded lines of
response are reconstructed into image space. Figure 1-2 shows an example reconstruction of a
phantom with varying sphere sizes using filtered backprojection and Iterative Reconstruction
when incorporating or not incorporating time of flight information. Iterative Reconstruction,
which is the currently used clinical method, dramatically reduces image noise in comparison to
filtered back projection. Utilization of time of flight information improves the visibility of the
spheres for both reconstructions, most notably in the smallest spheres.

4

Figure 1-2. Examples of PET image reconstruction to demonstrate the differences in
image quality(noise) and sphere detectability. Spheres range from 10 mm to 28 mm in
diameter. Filtered backprojection(top row). Iterative reconstruction(bottom row). NonTime of Flight (left column). With Time of Flight (right column).

In order to achieve accurate image quantification of the radiopharmaceutical concentration
in patients, as well as reproducible measurements from scan to scan, there are many potential
inaccuracies that must be accounted for[9]. These come from PET scanner related issues to
correct the acquired PET data such as scatter, dead time, randoms, partial volume effects due to
scanner resolution, well counter calibration, and detector normalization. For examinations
performed with 18F-FDG many factors must be monitored in patients such as blood sugar level,
quality of injection, correct assay and recording of pre and post injection activities and correct
entering of patient weight and assayed activities. Finally, there is patient motion that comes in
three forms: bulk, cardiac, and respiratory motion. All of these motions can lead to degraded
image resolution, underestimated activity concentration, and misalignment with anatomical
images such at CT or MRI[10]. Unless respiratory motion is corrected for, improvements in PET
scanner resolution will never be realized in the thorax and abdomen where respiratory motion is
most severe[11].
5

1.2

Significance and Innovation

1.2.1 Significance
PET produces images which represent the biodistribution of administered
radiopharmaceuticals. This capability has had a tremendous impact on the management of
cancer by imaging glucose metabolism, cellular proliferation, hypoxia, and receptor density
(Farwell 2014). The quantitative nature of PET images allows the radiologist to determine the
extent of radiopharmaceutical accumulation in areas of interest. In this regard, PET plays a
critical role in the staging and assessment of treatment response[12]. However, PET acquisitions
typically last 2-3 minutes per bed position, which can result in degraded image quality and
quantification due to respiratory motion blur particularly for tumors located in the lower thorax
and upper abdomen which are affected the most by this motion. Based on a review article, the
mean (range) superior-inferior excursion in mm due to respiratory motion for the lung was 10.3
(1 - 31.9), for the diaphragm was 14.9 (2.6 – 38.2) and for the liver was 12.3 (4.9 – 30.4)[13].
Respiratory motion results in underestimated measurements of activity concentration,
overestimation of lesion volume, decreases in lesion detectability and mis-alignments with
anatomical imaging, all of which could negatively impact patient management[14–16]. Many
methodologies have been developed to overcome the challenges of respiratory motion
correction, and their positive impact has been demonstrated[17]. One such study performed an
investigation as to whether respiratory motion correction of PET/CT studies helps to overcome
these challenges and improve detection and characterization of lung lesions[15]. This study
showed improvements in quantification as measured by the maximum Standardized Uptake
Value (SUVmax) which increased on average by 30.8 %. The most impactful finding was the
visual analysis which showed that the number of equivocal lesions when reading the PET
images with no motion correction was reduced from 50/206(24.3%) to 9/206(4.4%) when
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motion correction was applied. Reducing equivocal findings improves the confidence that
physicians have in characterizing lesions. In addition, this study showed cases, for example as
seen in Figure 1-3, where the diagnosis of a lesion changed from negative to positive with
application of respiratory motion correction. This resulted in a change of patient management to
have surgery to remove what was found to be an adenocarcinoma.

Figure 1-3 A 63 year old male with a history of heavy smoking underwent PET/CT with and
without motion correction for characterizing a 12 mm diameter right lung nodule on CT (B:
black arrow). A) Maximum intensity projection image. C) Fused PET/CT. With no motion
correction(D) very faint uptake was visible (black arrow; SUVmax 1.5) resulting in a negative
score for disease. With motion correction(E) the radiotracer concentration was increased
significantly (black arrow; SUVmax 2.8) resulting in a positive score for disease. Based on the
motion corrected images, the patient underwent surgery and histology classified the tumor as an
adenocarcinoma. Republished with permission (License ID =4687661090461 from
www.copyright.com) from: Guerra L, De Ponti E, Elisei F, Bettinardi V, Landoni C, Picchio M,
Gilardi MC, Versari A, Fioroni F, Dziuk M, Koza M, Ahond-Vionnet R, Collin B, Messa C,
Carla Gilardi M, Versari A, Fioroni F, Dziuk M, Koza M, Ahond-Vionnet R, Collin B, Messa
C, Guerra L, Elisei F, Messa C, De Ponti E, Bettinardi V, Landoni C, Picchio M, Gilardi MC,
Versari A, Fioroni F, Dziuk M, Koza M, Ahond-Vionnet R, Collin B. Respiratory gated
PET/CT in a European multicentre retrospective study: added diagnostic value in detection and
characterization of lung lesions. Eur J Nucl Med Mol Imaging. 2012;39(9):1381-1390.
doi:10.1007/s00259-012-2148-2
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In 2018, an estimated 2 million oncologic PET/CT examinations were performed in the
United States with an expected annual growth rate of 7% [18]. In a study which acquired 847
PET scans, 25% of the patients had lung or liver tumor(s)[19], leading to an estimation that 0.5
million patients who had PET scans in 2018 had lung or liver tumors. In cancer imaging, lung
and liver tumors are the most likely to be impacted by respiratory motion. Even though the
benefits of respiratory motion correction have been demonstrated and while every PET/CT scan
could have been performed with respiratory motion correction, virtually none to a very small
number were performed with this correction[17]. This dissertation addresses three major
obstacles that currently exist which prevent the adoption of routine use of respiratory motion
correction methods. These obstacles are: 1) poor resultant image quality of motion corrected
images due to increased image noise, 2) increased workflow complexity due to the need to use
external breathing tracking devices, and 3) irregular patient breathing which limits the success
of motion correction techniques.
Typical clinical PET images use all the data that is acquired without application of
motion correction, resulting in images with varying severity of respiratory motion blur.
Conventional respiratory motion corrected images have poor image quality, because smaller
percentages of the data which contain less amounts of respiratory motion are used for image
reconstruction resulting in increased image noise. The first strategy known as phase-based
gating (PBG), divides each respiratory cycle into 1/n fractions of data or bins, as seen in figure
1-4. As the number of bins increase, the motion reduction improves, but the image noise
increases and this tradeoff must be considered[20]. Based on the observation that patients spend
more time at the end of expiration, strategies have been developed to select this more abundant
and relatively motion free data based on either a phase[21] or amplitude[22] analysis of the
respiratory waveform.
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Figure 1-4 Respiratory motion correction methodologies which utilize fractions of the
data. Phase Based Gating(top) and Amplitude Based End of Expiration(bottom).

As seen in figure 1-5, the image noise increases severely when using decreasing fractions of
data from 100% down to 12.5%, as could be used with conventional motion correction.

Figure 1-5 Phantom images reconstructed with decreasing fractions of data

To counteract this resultant poor image quality, the acquisition times must be increased
accordingly. This is undesirable in routine clinical practice and results in decreased patient

9

throughput, increased patient discomfort, and increased probability of bulk patient motion of the
body which results in gross misalignment between PET and CT data.
The second obstacle to routine utilization of respiratory motion correction is that it is
necessary to use external devices to measure respiratory waveforms. The two systems most
commonly utilized clinically are the Varian realtime positioning monitor(Varian Medical
Systems, Palo Alto, CA, USA) and the pressure sensitive Anzai Belt(Anzai Medical, Tokyo,
Japan). These systems require setup of either a reflective box or a pressure sensitive belt to
acquire a respiratory waveform as seen in figure 1-6.

Figure 1-6 Examples of external hardware used to obtain a respiratory waveform and the
steps of the setup process which sometimes have to be repeated. Varian patient setup
courtesy of Dr. Tinsu Pan at MD Anderson Cancer Center, Houston, TX.
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As seen in figure 1-6, the setup, adjustment, and troubleshooting of these devices and requisite
software adds additional time to the examination and increases the overall examination
complexity. The quality of these respiratory waveforms is highly dependent on the setup of the
devices, and so reproducibility of the respiratory waveform measurement is of concern with
respect to the between user variation of device positioning and the varying habitus of each
patient. In addition, in the diagnostic setting, setup is much more challenging as patients prefer
to wear blankets during their scan which can degrade the mechanical coupling between the
reflective box or the belt with the patient surface, resulting in degraded respiratory waveforms.
Even with proper setup at the beginning of the patient, these devices are prone to fail or produce
unusable respiratory waveforms, rendering motion correction of the PET images not possible.
Irregular patient breathing is the third and final obstacle to respiratory motion correction
that is considered in this dissertation. Irregular breathing has been shown to reduce the efficacy
of PET/CT respiratory motion correction techniques by degrading image quantification and
lesion detectability [23,24], even to the point that the motion corrected images become
uninterpretable. Irregular breathing has a high incidence as shown in a study which performed
an analysis of 1295 respiratory waveforms and showed that 20% of patients have highly
irregular breathing, 20% breathe with some irregularities, and that 60% had regular
breathing[25]. Heightened anxiety can have a profound impact on breathing [26], potentially
leading to irregular breathing. Studies have shown that during a PET/CT imaging session, that
patients experience anxiety for a multitude of reasons[27], and it is possible that reducing the
anxiety that a patient experiences during the examination could reduce the incidence of irregular
patient breathing thereby improving respiratory motion correction.
Given the increasing reliance of radiologists on PET image quality and quantification for
managing oncologic patients, coupled with the limitations of current respiratory motion
correction techniques, there is an urgent and unmet need to validate alternate methods that have
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been recently developed to overcome these challenges. Surmounting these obstacles will
facilitate advancement towards the routine use of respiratory motion correction in PET imaging
thereby improving image interpretation which ultimately will help patient management.
1.2.2 Innovation
In this work, novel solutions created by Siemens Healthineers are validated to determine
if they can address each of these three challenges facing the routine use of respiratory motion
correction in PET imaging. To overcome increased noise in motion corrected images, elastic
motion correction (EMC) techniques have been developed to use all the acquired PET data [28],
rather than only a fraction of the data as in current approaches for respiratory motion correction.
The resultant EMC images show remarkably less amounts of image noise while correcting for
respiratory motion blur. Elastic motion correction with image deblurring (EMDB)[29] is a
novel EMC technique that was developed to decrease the reconstruction time required for
typical EMC methodologies, especially for joint correction of cardiac and respiratory motion.
This work is the first to evaluate the impact on image quality and quantification of the EMDB
algorithm in comparison to conventional respiratory motion techniques in a large and
comprehensive clinical evaluation which is necessary to determine the efficacy of routine
utilization of the EMDB algorithm.
To overcome the burdens of utilizing external hardware to measure the patient
respiratory waveform, Data Driven Gating (DDG) techniques have been developed to determine
the patient’s respiratory waveform directly from the acquired PET data. For organs and tumors
that have radiotracer uptake and that are under the influence of respiratory motion, a respiratory
waveform can be determined from the motion information contained in the acquired PET data
through a multitude of methodologies. This eliminates the need for external devices to obtain
the respiratory waveform and results in reduced PET workflow complexity and examination
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duration [30]. Although success of the DDG algorithms has been demonstrated with PET data
acquired in step and shoot(SS) mode, no DDG technique has been developed for PET data
acquired in continuous bed motion (CBM)[31]. This work will validate the first CBM_DDG
technique, which was recently created by Siemens Healthineers[32], and will show its ability to
replace external devices to record patient respiratory waveforms thereby reducing workflow
complexity.
The development of CBM as opposed to SS to continuously translate the patient into the
scanner during a PET imaging session has been shown to be preferred by patients due to the
smooth movement of CBM (Schatka 2016). Due to this, CBM could potentially reduce
breathing irregularities caused by heightened patient anxiety by providing a more comfortable
examination experience. However, the effect that CBM has on patient breathing regularity and
consequentially on motion corrected PET image quality and quantification has not been
investigated. This work will be the first to evaluate whether CBM can improve breathing
regularity and consequentially improve motion corrected PET image quality and quantification.
This will provide necessary insight into which imaging mode (SS versus CBM) should be used
for the routine application of respiratory motion correction.
This dissertation will validate whether these three proposed solutions can overcome
three respective challenges that currently impede the routine use of respiratory motion
correction in PET imaging.
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1.3

Central Hypothesis and Specific Aims

1.3.1 Central Hypothesis
The central hypothesis is that the application of EMC, DDG, and CBM for respiratory motion
correction in PET imaging will result in improved image quantification and quality, decreased
workflow complexity, and reduced patient breathing irregularity during PET/CT imaging.

This central hypothesis will be tested through the following three specific aims, each specific
aim containing multiple studies:
1.3.2 Specific Aim 1
SA 1. Compare the performance of a pre-commercial version of a vendor designed EMC
algorithm in comparison to conventional motion correction techniques.
Working Hypothesis: due to utilization of all the acquired PET data during image
reconstruction, the EMDB algorithm will have superior performance characteristics when
compared to conventional motion correction methodologies.
•

Study 1.1: Evaluation of EMDB using a phantom scan

•

Study 1.2: Objective Evaluation with Patient Data

•

Study 1.3: Subjective Image Quality Assessment

1.3.3 Specific Aim 2
SA 2. Evaluate the performance of a pre-commercial version of a vendor designed CBM_DDG
technique in comparison to a conventional external device.
Working Hypothesis: CBM_DDG motion corrected images will be non-inferior to hardwarebased motion corrected images.
•

Study 2.1: Waveform Evaluation
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•

Study 2.2: Quantitative Assessment of Patient Studies

•

Study 2.3: Qualitative Image Assessment of Patient Studies

1.3.4 Specific Aim 3
SA 3. Evaluate the impact of step and shoot (SS) and CBM PET acquisition modes on
respiratory motion correction.
Working Hypothesis: CBM acquisition will reduce breathing irregularities in comparison to
SS acquisition and therefore, the motion corrected CBM images will have superior motion
reduction in comparison to the SS images.
•

Study 3.1: Determine the impact of SS and CBM on patient respiratory waveforms

•

Study 3.2: Determine the quantitative impact of SS and CBM on respiratory motion
corrected images

•

1.4

Study 3.3: Physician assessment of motion reduction

Dissertation Organization
The primary body of this dissertation is composed of three chapters. Each chapter is

written in format for submission to peer-review journals. Chapter 2 addresses specific aim 1.
Chapter 3 addresses specific aim 2. Chapter 4 addresses specific aim 3. In the last chapter, this
work is summarized and future research directions for this work are proposed.
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Chapter 2: Comparison of the performance of a pre-commercial
version of a vendor designed elastic motion correction algorithm in
comparison to conventional motion correction techniques

This chapter is based upon:
Meier J G, Wu C C, Betancourt Cuellar S L, Truong M T, Erasmus J R, Einstein S and
Mawlawi O 2018 Evaluation of a novel elastic respiratory motion correction algorithm on
quantification and image quality in abdomino-thoracic PET/CT. JNM 60 279–84
The permissions for reuse of this material were obtained from the Journal of Nuclear Medicine
2.1

Abstract

Our aim was to evaluate in phantom and patient studies a recently developed elastic motion
deblurring (EMDB) technique that makes use of all the acquired PET data and compare its
performance with other conventional techniques such as phase-based gating (PBG) and
HDChest (HDC), both of which use fractions of the acquired data. Comparisons were made
with respect to static whole-body (SWB) images with no motion correction.
Methods: A phantom simulating respiratory motion of the thorax with lung lesions (5 spheres
with internal diameters of 10–28 mm) was scanned with 0, 1, 2, and 3 cm of motion. Four
reconstructions were performed: SWB, PBG, HDC, and EMDB. For PBG, the average
(PBGave) and maximum bin (PBGmax) were used. To compare the reconstructions, the ratios
of SUVmax, SUVpeak, and contrast-to-noise ratio (CNR) were calculated with respect to SWB.
Additionally, 46 patients with lung or liver tumors less than 3 cm in diameter were studied.
Measurements of SUVmax, SUVpeak, and CNR were made for 46 lung and 19 liver lesions. To
evaluate image noise, the SUV SD was measured in healthy lung and liver tissue and in the
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phantom background. Finally, the subjective image quality of patient examinations was scored
on a 5-point scale by 4 radiologists.
Results: In the phantom, EMDB increased SUVmax and SUVpeak over SWB but to a lesser
extent than the other reconstruction methodologies. The ratio of CNR with respect to SWB for
EMDB, however, was higher than all other reconstructions (0.68 with EMDB . 0.54 with HDC .
0.41 with PBGmax . 0.31 with PBGave). Similar results were seen in patient studies. SUVmax
and SUVpeak were higher by, respectively, 19.3% and 11.1% with EMDB, 21.6% and 13.9%
with HDC, 22.8% and 12.8% with PBGave, and 45.6% and 26.8% with PBGmax, compared
with SWB. Lung and liver noise increased with EMDB by, respectively, 3% and 15%, with
HDC by 35% and 56%, with PBGave by 100% and 170%, and with PBGmax by 146% and
219%. CNR increased in lung and liver tumors only with EMDB (18% and 13%, respectively)
and decreased with HDC (−14% and −23%), PBGave (−39% and −63%), and PBGmax (−18%
and −46%). The average radiologist scores of image quality were 4.0 ± 0.8 with SWB, 3.7 ± 1.0
with EMDB, 3.1 ± 1.0 with HDC, and 1.5 ± 0.7 with PBG.
Conclusion: The EMDB algorithm had the least increase in image noise, improved lesion CNR,
and had the highest overall image quality score.

2.2

Introduction
Static whole-body (SWB) PET acquisitions typically last 2-3 min per bed position,

which can result in degraded PET image quality due to respiratory motion, particularly for
tumors in the lower thorax and upper abdomen [14,16,17]. This degradation potentially results
in decreased measurements of activity concentration, overestimated measured metabolic
volume, and decreased lesion detectability, all of which could negatively affect patient
management. Many solutions exist to correct respiratory motion artifacts in PET/CT [22,33–38].
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However, all such methods first require the acquisition of the patient’s respiratory waveform
using external devices or data-driven techniques. One of the first motion correction methods
proposed was multibin respiratory gating, which divides the acquired PET data into multiple
bins corresponding to different respiratory phases or amplitudes of the breathing cycle.
Fractioning the data into multiple bins increases the amount of noise per bin, however, which
biases quantitative measures such as SUVmax and decreases image quality. These drawbacks
can be overcome by a longer acquisition time but come at the expense of decreased patient
comfort and reduced scanner throughput. Furthermore, whereas this approach allows the full
range of tumor motion to be determined, which is crucial for radiation therapy planning, it
increases the complexity of the interpretation because it results in multiple image volumes
corresponding to the different bins. Another approach to reduce motion while avoiding the
complexity of multibin respiratory gating is end-expiration respiratory gating [22,39]. Endexpiration respiratory gating is based on the observation that patients tend to spend more time in
the end expiration quiescent period of the breathing cycle, which corresponds to the least
amount of motion [25]. In comparison to an individual bin of multibin respiratory gating, endexpiration respiratory gating has the advantage of using a larger fraction of the acquired PET
data, resulting in less image noise while reducing motion blur, and creates only one PET volume
for interpretation. End-expiration respiratory gating can be implemented using the amplitude or
phase of the respiratory waveforms. In the phase-based approach, PET data corresponding to a
preset phase offset and window width from the onset of each breathing cycle are retained. This
approach is implemented commercially on GE Healthcare PET/CT scanners as Q.Static[21]
(13). ‘In the amplitude-based approach of end-expiration respiratory gating, implemented
commercially as HD-Chest (HDC) on Siemens PET/CT scanners, the user selects a percentage
of the acquired PET data to preserve [22,40–42]. The HDC algorithm analyzes the respiratory
waveform to find the minimum amplitude range that contains the user-selected percentage of
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PET data, typically about 35%. End-expiration respiratory gating, whether phase or amplitude
based, has emerged as the most common respiratory motion correction because of its simplicity
and ease of use. Elastic motion correction is another approach for respiratory motion correction
that retains all the acquired PET data to create the final image. Using the entirety of PET data
improves image quality, thereby reducing the acquisition times that are typical in respiratory
motion corrected examinations. Two primary approaches exist for elastic motion correction. In
one strategy, multibin respiratory gating images are reconstructed, nonrigidly registered, and
then averaged into a single volume [43]. This approach has been implemented commercially by
GE Healthcare as Q.Freeze. A more recent approach (implemented commercially by Siemens
and known as OncoFreeze) first derives a blurring kernel from subimages (SWB and HDC) that
are later used during image reconstruction to generate the final motion-free image [29,44]. To
our knowledge, there has been no independent evaluation of the elastic motion deblurring
(EMDB) algorithm with the exception of one small-scale study (5 patients) presented as an
abstract[45]. In this study, we evaluated these various respiratory motion correction
methodologies (multibin respiratory gating, amplitude-based optimal gating, and EMDB) in
comparison to SWB with no motion correction. Initially, a phantom evaluation was performed
to provide a comparison of these algorithms with respect to the ground truth. We then assessed
the impact of these various approaches on clinical PET lesion quantification as well as objective
and subjective image quality. Numerous publications have studied the impact of multibin
respiratory gating and HDC, but to the best of our knowledge, this is the first investigation that
systematically compared the EMDB algorithm with other motion-correction techniques.
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2.3

Materials and Methods

2.3.1 Reconstruction Algorithms
In this study, 4 PET reconstructions were investigated. The first was SWB, which used
all the data, with no respiratory motion correction. The second was multibin respiratory gating,
which reconstructed 8 gates (each containing 12.5% of the PET data). The third was HDC,
which used the manufacturer recommended 35% duty cycle for reconstruction. The fourth was
the EMDB algorithm[29,44], which used 100% of the acquired PET data to reconstruct a
motion-corrected image.
The EMDB algorithm initially performs an SWB reconstruction with 100% of the data
and an HDC reconstruction that applies a baseline shift-correction to the patient respiratory
waveform. In this study, we used a 35% duty cycle for the HDC image. The EMDB algorithm
uses mass preservation optical flow [46] to non-rigidly register the reference volume (HDC) to
the target volume (SWB) as seen in Figure 2-1. The HDC volume and the SWB volume have
the same integral activity, but because of motion blur, the objects in each respective volume
have different brightness, necessitating the mass preservation optical flow algorithm to register
the 2 volumes. Mass preservation optical flow does not require that the motion vectors
correspond to physically realizable motion. EMDB uses mass preservation optical flow to
determine a fully 3-dimensional blurring kernel to redistribute the activity between the HDC
SWB volumes. In the EMDB reconstruction, the blurring kernel is applied to the current image
estimate before forward projection. The transpose of the blurring kernel, the deblurring kernel,
is applied after backprojection and results in a motion-corrected image estimate as seen in
Figure 2-1.
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Figure 2-1 Workflow of the EMDB Algorithm
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2.3.2 Phantom Evaluation
A phantom was constructed to move 5 spheres in 3 dimensions to simulate the elastic motions
of the abdomen and thorax. A detailed phantom description is provided as supplemental
material (supplemental materials are available at http://jnm.snmjournals.org). The spheres had
inner diameters of 10, 13, 17, 22, and 28 mm. The spheres were placed in an acrylic tank
containing 16 L of water, and the sphere-to-background ratio was set to 5:1. A motor drove the
spheres using a repeated patient respiratory cycle that had a duration of 6 s. Four acquisitions
were performed in which the spheres were driven with amplitudes of 0, 1, 2, and 3 cm. The
phantom motion was programmed such that the spheres always returned to the same location for
all acquisitions. The phantom was scanned on a 4-ring Siemens Biograph mCT Flow system,
which has previously been characterized [7]. CT-based attenuation correction data were
acquired while the spheres were motionless and at the initial position. The PET data were
acquired during continuous bed motion for 60 cm. In each acquisition, 3 table-speed zones were
prescribed: 1 mm/s for the 15 cm superior to the acrylic tank, 0.5 mm/s for the 30 cm covering
the phantom tank, and 1 mm/s for the 15 cm inferior to the phantom tank. During PET
acquisition, the respiratory waveform was acquired with the AZ-733V respiratory gating system
(Anzai Medical Co.) [47] by wrapping the belt around the surrogate motor platform (Figure 22B). The phantom and setup are shown in Figures 2-2A and 2-2B and the supplemental
material. Each phantom scan was 15 min. Care was taken to ensure that each acquisition had
similar counting statistics, using list-mode rebinning of the acquired data. SWB, EMDB, HDC,
and phase-based gating (PBG) reconstructions were performed for all phantom scans. All
reconstructions were performed with the default clinical parameters: 2 iterations, 21 subsets,
time-of-flight information, point-spread-function correction, a 200 x 200 matrix, 4.07 x 4.07 x 3
mm voxels, and isotropic gaussian postfiltration of 5 mm in full width at half maximum. For
each motion amplitude and reconstruction algorithm, we measured SUVmax, SUVpeak, and
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SUV SD. SUVmax and SUVpeak were determined from a region of interest encompassing each
sphere. All measurements were made in MIM, version 6.6 (MIM Software, Inc.). SUV SD was
measured in the uniform background of the phantom with a 3 cm diameter spherical region of
interest. Contrast to noise ratio (CNR) for each sphere was also calculated according to Equation
2-1 using the sphere SUVmax (SUVmax,sp), background SUVmax (SUVmax,bg), and
background SUV SD (s).

𝑪𝑵𝑹 =

𝑺𝑼𝑽𝒎𝒂𝒙 ,𝒔𝒑 − 𝑺𝑼𝑽𝒎𝒂𝒙 ,𝒃𝒈
𝝈

(2-1)

For each sphere, phantom scan, and reconstruction, the SUV ratio and the CNR ratio relative to
the SUV and CNR of the ground truth SWB reconstruction with no motion was calculated for
SUVmax, SUVpeak, and CNR. For the measurements made on the 8 gates of the PBG
reconstruction, the average value of all 8 gates was used (PBGave), as well as the gate with the
highest value (PBGmax) for each respective measurement of SUVmax, SUVpeak, SUV SD, and
CNR. The average SUV SD was calculated for all background spheres, phantom scans, and
reconstruction algorithms.

23

Figure 2-2 Phantom experimental setup and resultant images
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2.3.3 Patient Evaluation
Forty-six patients (23 men and 23 women; mean age, 62.9 ± 14.8 y; mean body mass index,
28.2 ± 6.7) with 65 lung (n = 46) or liver (n = 19) lesions in regions affected by respiratory
motion and less than 3 cm in diameter were prospectively recruited for this study. The
institutional review board approved this study (approval 2015-0989), and all subjects gave
written informed consent before undergoing imaging. Patients fasted for 6 h before injection of
323 ± 56 MBq of 18F-FDG. The PET scan followed the 18F-FDG injection by 69.2 ± 9.1 min.
2.2.4. PET/CT Acquisition and Image Reconstruction
All patients were scanned with the same PET/CT system and protocols as used for the phantom
scans, except that the patient PET data were acquired in continuous bed motion with a table
speed of 0.8–1 mm/s, depending on patient body mass index. Over the lung/ liver region where
the tumor was affected by motion, a table speed of 0.5 mm/s was used for a 30-cm section of the
scan. Patient respiratory waveforms were acquired with the Anzai system. All CT scans were
acquired with free breathing. SWB, EMDB, HDC, and PGB reconstructions were performed for
all patient scans, with the same reconstruction parameters as used for the phantom scans.
2.3.4 PET/CT Acquisition and Image Reconstruction
All patients were scanned with the same PET/CT system and protocols as used for the phantom
scans, except that the patient PET data were acquired in continuous bed motion with a table
speed of 0.8–1 mm/s, depending on patient body mass index. Over the lung/ liver region where
tumor was affected by motion, a table speed of 0.5 mm/s was used for a 30-cm section of the
scan. Patient respiratory waveforms were acquired with the Anzai system. All CT scans were
acquired with free breathing. SWB, EMDB, HDC, and PGB reconstructions were performed for
all patient scans, with the same reconstruction parameters as used for the phantom scans.
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2.3.5 Image Analysis
SUVmax and SUVpeak normalized by body weight were measured for each tumor. SUV SD (a
surrogate for image noise) was measured using a 3-cm diameter spherical region of interest in
lung and liver tissue that we assessed to be free of disease. The CNR was calculated analogously
to Equation 2-1. All measurements were made in MIM, version 6.6. For the PBG reconstruction,
both PBGave and PBGmax were analyzed.
2.3.6 Image Quality Assessment
Four radiologists who were experienced in PET/CT imaging subjectively scored the image
quality of the 4 reconstructions on a Likert-type scale of 1 (poor) to 5 (excellent). In total, 184
reconstructions (46 patients x 4 reconstructions) were assessed. For the PBG reconstructions,
gate 5/8 was selected for presentation because it contained the least motion. Only one
reconstruction at a time was displayed for assessment. The order of the presentation was
randomized by reconstruction method and patient. Only the images acquired from the 30 cm
region scanned with a 0.5 mm/s table speed were presented for image quality scoring. To assess
intrareader reliability, 20 cases were repeated.
2.3.7 Statistical Analysis
All statistical analyses were performed with R (version 3.5.0 and package ‘‘irr,’’ version 0.84).
Wilcoxon signed-rank tests, with Bonferroni adjustments, were performed to determine
significance. The α-test of Krippendorf [48] was used to assess inter and intrareader reliability
in image quality assessment.
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2.4

Results

2.4.1 Phantom Evaluation
All motion correction methodologies successfully reduced image blur (Fig. 2-2C). The average
values of SUVmax normalized to SWB over all spheres and motion amplitudes were 0.85 with
SWB, 0.96 with EMDB, 1.01 with HDC, 1.06 with PBGave, and 1.23 with PBGmax (Fig. 23A). The average values of SUVpeak normalized to SWB were 0.87 with SWB, 0.94 with
EMDB, 0.99 with HDC, 1.00 with PBGave, and 1.10 with PBGmax (Fig. 2-3B). Only the SWB
and EMDB reconstructions had decreasing SUVmax normalized to SWB and SUVpeak
normalized to SWB with increasing sphere motion amplitude. The sphere with the smallest
inner diameter (10mm) had the largest decreases in SUVmax normalized to SWB and in
SUVpeak normalized to SWB as the motion amplitude increased. The percentage increases in
SUV SD compared with the SWB reconstruction were 24.6% with EMDB, 61.6% with HDC,
171.7% with PBGave, and 216.2% with PBGmax (Fig.2-3C).The average values of CNR ratio
normalized to SWB were 0.31 with PBGave, 0.41 with PBGmax,0.54 with HDC,0.68 with
EMDB, and 0.74 with SWB (Fig. 2-3D). Motion correction did not increase CNR ratio
normalized to SWB above the SWB value until the motion amplitude reached 3 cm, and this
was only for the EMDB and HDC reconstructions (Fig. 2-3D). Decreases in CNR ratio
normalized to SWB relative to motion amplitude were observed only for the SWB and EMDB
reconstructions (Fig. 2-3D).
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Figure 2-3 Phantom experimental measurements. (A and B) SUVmax normalized to SWB
(RSmax) (A) and SUVpeak normalized to SWB (RSpeak) (B) variation caused by to
sphere displacement. (C) SUV SD in background across all reconstructions. (D) CNR ratio
normalized to SWB (RCNR) variation due to sphere displacement. Data are for the
average of all spheres.
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2.4.2 Patient Tumor Quantification
In comparison to the SWB reconstruction, all motion correction reconstruction algorithms
displayed significant increases in SUVmax and SUVpeak (Fig. 2-4A). The percentage increases
in SUVmax in comparison to SWB for EMDB, HDC, PBGave, and PBGmax were 19.3%,
21.6%, 22.8%, and 45.6%, respectively. The percentage increases in SUVpeak in comparison to
SWB for EMDB, HDC, PBGave, and PBGmax were 11.1%, 13.9%, 12.8%, and 26.8%,
respectively. For measurements of both SUVmax and SUVpeak, PBGmax had the largest
increase in comparison to SWB, whereas PBGave, HDC, and EMDB had relatively similar
increases, with EMDB consistently having the lowest values. The percentage increases in lung
and liver SUV SD in comparison to SWB for EMDB, HDC, PBGave, and PBGmax were,
respectively, 3.3% and 14.8%, 35.1% and 55.8%, 100.0% and 169.6%, and 145.8% and 219.0%
(Fig. 2-4B), showing that EMDB consistently had the least increase in lung and liver SUV SD.
Across all motion correction methodologies, the increases in SUV SD were higher in the liver
than in the lung. The percentage increases for lung and liver lesion CNR in comparison to SWB
for EMDB, HDC, PBGave, and PBGmax were, respectively, 17.8% and 13.3%, 213.9% and
223.2%, 238.6% and 262.7%, and 218.2% and 246.0%. EMBD was the only motion correction
method that increased lesion CNR (the others had negative results), although the increase in
liver lesion CNR was not significant (P = 0.58). Example patient images of all 4 reconstructions
are shown in Figure 2-5.
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Figure 2-4 Patient Quantification Results. SUVmax and SUVpeak for 65 lesions (A), SUV
SD for lung and liver tissue (B), and CNR for lung and liver lesions (C). *P < 0.01.
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Figure 2-5 Example patient images. (Top) Maximum intensity projection images of all reconstructions. (Middle) Coronal plane
view of right lung tumors. (Bottom) Zoomed view of middle row.
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2.4.3 Subjective Image Quality
Of the motion correction methods, EMDB was scored as having the best overall image quality
(Fig. 2-6). The percentage changes in image quality in comparison to SWB for EMDB, HDC,
and PBG were 29.7%, 222.6%, and 263.7%, respectively. The intrareader repeatability α scores
were 0.75, 0.77, 0.78, and 0.87, respectively. The interreader repeatability α score was 0.81.
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Figure 2-6 Mean image quality score for different reconstructions. Error bars represent 1
SD. *P < 0.01.
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2.5

Discussion
We assessed the impact of various motion correction methodologies on PET/CT

imaging, with a primary interest in evaluating the EMDB technique. To our knowledge, this is
the first published study on the impact of the EMDB algorithm in comparison with other motion
correction methodologies in a relatively large cohort of patients.
The most important finding was that the EMDB algorithm had the smallest increase in
image noise while reducing motion blur and improving lesion contrast. The primary cause of the
reduced image noise was that the algorithm used all the acquired PET data, as opposed to use of
a smaller fraction of the data by the other motion correction methodologies. These findings were
consistent for both phantom and patient studies and were corroborated by the objective
physician evaluation.
Although the EMDB algorithm used all the acquired PET data in the reconstruction, the
resultant images still had increased noise when compared with SWB. We postulate that this
noise resulted from the determination of the blurring kernel between the noisy HDC image and
the SWB image in the EMDB algorithm. Specifically, the blurring kernel is influenced by the
noise in the HDC image. In this regard, the choice of the percentage duty cycle for the HDC
image has an important consequence on EMDB image quality. Increasing the duty cycle would
reduce noise but at the expense of increased image blur, whereas decreasing the duty cycle has
the opposite effect.
Several investigators have previously shown that image blur is reduced when using PET
data corresponding to only a small fraction of the breathing cycle [20,49]. However, one
significant consideration when implementing such motion correction approaches is the
artifactual increase in measured SUVmax and SUVpeak due to increased image noise. As seen
in our phantom and patient results, SUVmax and SUVpeak increased for all motion correction
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methodologies. However, these increases were amplified with decreasing amounts of PET data.
Our phantom results indicate that image noise increased with methods that use decreasing
amounts of PET data (increasing from 24.6% for EMDB to 216.2% for the PBGmax approach).
In this regard, an increase in SUVmax or SUVpeak when using such correction techniques
should be attributed not only to motion correction but also to an increase in image noise. In this
work, we used CNR as a metric to capture both these image attributes (SUVmax and noise), and
the results clearly show a decrease in CNR with correction methodologies that use decreasing
amounts of PET data (Fig. 2-3D), reflecting the larger increase in image noise compared with a
true increase in SUVmax.
One important finding about the EMDB algorithm is its degraded performance with
increasing motion amplitude. Our results indicate that although all other motion correction
methodologies resulted in an SUVmax and SUVpeak that were relatively independent of motion
amplitude, the EMDB algorithm decreased these values with increasing motion but to a lower
extent than SWB (Figs. 2-3A and 2-3B). It is not clear why this performance was observed, and
further investigation is warranted.
In patient data, the percentage increases in SUVmax and SUVpeak were similar for
EMDB, HDC, and PBGave. However, PBGmax had the highest percentage increases. The large
differences seen between SUV for PBGmax and for the other motion correction methodologies
is attributed to increases in image noise. EMDB had the least noise increase, yet the increases in
SUVmax and SUVpeak were similar to HDC and PBGave, which use much less of the data. We
can infer that the increases in SUV for the EMDB algorithm were influenced more by
reductions in motion blur and less by increases due to noise bias.
EMDB was the only method that improved CNR, although not significantly for liver
lesions, primarily because of the relatively high noise in the liver that neutralized any increase in
liver SUV. Overall, however, EMDB increased SUVmax and SUVpeak yet had the least
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increase in image noise and, as a result, was the only method to improve lesion CNR. Although
SUVmax and SUVpeak increased for the other motion correction methodologies, all of them
decreased the CNR of the lesions.
Our image quality scores confirmed our expectations of low scores with increased image
noise. Of the motion correction methodologies, the EMDB algorithm had the highest overall
score, presumably because it contained the least image noise. The SWB images incurred
substantial respiratory motion blur in comparison to the motion correction methodologies;
however, the image quality scores showed that the primary concern in overall image quality was
the amount of image noise present. In addition, we found good agreement between readers. A
meta-analysis of the physician scores showed that in 50% of the cases, the physicians scored the
EMBD images as having quality similar to or better than the SWB images. This number was
25% for cases in which the physicians scored the EMDB as strictly better than the SWB images.
These results suggest that physicians either preferred images with reduced blur or could not
perceive changes in background noise between these 2 reconstruction algorithms.
One limitation of this study was that patient CT-based attenuation correction data were
acquired under free-breathing conditions. The literature has shown that mismatches in freebreathing CT and PET data often occur in areas affected by respiratory motion and can affect
SUV quantification [50,51]. It is possible that the quantification results of this study were
affected by these attenuation correction mismatches. Recent work in collaboration with our
group has investigated the effects of these mismatches and have developed approaches to
mitigate them [52]. However, it would be interesting to assess the effect of such mismatches
specifically on the performance of the EMDB algorithm as compared with other techniques.
Another limitation of this study was that all motion correction methods with the
exception of the EMDB were performed without baseline shift correction of the respiratory
waveform. (The EMDB algorithm had this feature embedded in the software.) In some patients,
36

however, there can be a baseline drift in the respiratory waveform throughout the course of the
examination that could affect the results of the various correction methods. In this regard, this
data processing difference might have biased the results in favor of the EMDB algorithm.
Analysis of the results with baseline shift for all the other correction methods will be a focus of
future investigations.
2.6

Conclusion

All methods of motion correction reduced image blur but increased image noise, resulting in
increased SUVs. The EMDB algorithm had the least noise increase, which resulted in improved
CNR and higher image quality scores.
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Chapter 3: Evaluation of the performance of a pre-commercial
version of a vendor designed CBM_DDG technique in comparison to
a conventional external device
3.1

Abstract

Data Driven Respiratory Gating (DDG) has been developed in an effort to eliminate the need for
external devices to measure respiratory waveforms(WF) in PET imaging. Recently a DDG
method has been introduced that leverages continuous bed motion (CBM_DDG) to overcome
the longstanding challenge of maintaining a consistent respiratory waveform polarity in relation
to the true anatomical respiratory motion. Our goal was to determine the performance of this
CBM_DDG algorithm in comparison to the Anzai (ANZ) external device in phantom and
patient studies while comparing resultant WFs, SUV quantification, and physician evaluation of
respiratory gated patient images.
Methods
A phantom simulating abdominothoracic motion drove 5 spheres(10-28 mm inner diameter) in 4
acquisitions with amplitudes of 0, 1, 2, and 3 cm. Two reconstructions were performed: Elastic
Motion Deblurring (EMDB) for respiratory motion correction using the ANZ
WF(ANZ_EMDB) and the CBM_DDG WF(DDG_EMDB) respectively. To compare the
waveforms, the Pearson correlation coefficient was calculated. To assess the impact on
phantom image quantification, the ratio of DDG_EMDB to ANZ_EMDB was calculated for
SUVmax and SUVpeak respectively. In 43 patients, the WF correlation coefficient was
calculated between the aortic arch and the center of the right kidney. SUVmax and SUVpeak
were measured on F18-FDG foci (lung/liver/spleen tumor, gastric, kidney medulla) influenced
by respiratory motion. Physicians assessed the motion corrected images in a side by side
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comparison of the ANZ_EMDB to the DDG_EMDB images by scoring the presence of relative
motion blur(0(no blur) to 3(significantly more blur)) in a single F18-FDG focus for each patient.
Results
The phantom WF correlation coefficients were 0.00, -0.40, 0.82, and 0.93 for the 0, 1, 2, and 3
cm amplitude acquisitions respectively, showing that the CBM_DDG WF improves as the
amount of sphere motion increases. Over all spheres, the average phantom SUVmax ratios were
1.01(0 cm), 0.93(1 cm), 0.93(2 cm), and 0.96(3 cm), while for SUVpeak were 1.00(0 cm),
0.97(1 cm), 0.95(2 cm), and 0.97(3 cm). For the patient studies, the average WF correlation
coefficient was 0.71 +/- 0.24. For quantification of patient 18F-FDG foci, in comparison to
ANZ_EMDB, DDG_EMDB was lower by 2.4 % and 2.8 % for the average SUVmax and
average SUVpeak values respectively. Similarity in quantification of the DDG_EMDB to the
ANZ_EMDB images was shown for both SUVmax and SUVpeak when using non-inferiority
statistical tests with a non-inferiority margin of -5% with respect to the ANZ_EMDB images.
The physician image evaluation of relative motion blur showed that the DDG_EMDB images
were similar to the ANZ_EMDB images when using a non-inferiority statistical test with a
margin of 0.5 blurring points with respect to the ANZ_EMDB images.
Conclusion
The CBM_DDG algorithm shows promise as a replacement for the Anzai external device to
measure patient respiratory waveforms, as comparison to the Anzai WF, image quantification
and physician image assessment showed similar performance.
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3.2

Introduction
Clinical PET imaging of the abdominothoracic regions typically lasts between 2-3

minutes per bed position and can result in degraded image quality due to the respiratory motion
blur incurred from multiple respiratory cycles. Respiratory motion blur can negatively impact
patient management due to underestimated activity concentration measurements, decreased
lesion detectability, and overestimated volume measurements[14,16,17].
Multiple methods exist to correct for respiratory motion blur, the majority of which
require the acquisition of a respiratory waveform [14,21,53–56,22,28,29,33–36,38]. External
devices have been primarily used to acquire the respiratory waveforms. One such system is the
real-time position management optical system (Varian Medical Systems, Palo Alto, CA, USA)
which tracks the position of a box placed on the chest or abdomen of the patient. Another is the
AZ-733V respiratory gating system (Anzai Medical, Tokyo, Japan) in which an elastic belt with
a load cell is placed around the chest or abdomen of the patient and measures the changes in belt
tension as the patient breathes in and out. However, external devices have technical challenges
in that they require additional time for both setup and troubleshooting and are prone to both user
setup error and hardware failure. In one study which investigated the feasibility of routine
respiratory motion correction, 82 out of 741 examinations had unusable respiratory waveforms
due to hardware failures or irregular breathing[19]. A proposed method to reduce hardware
failures was to further train the technologists and to provide more frequent calibration of the
sensors, demonstrating that successful implementation of the external devices is highly user
dependent. In addition, several other studies have shown that the chest or abdominal wall
motion captured by external devices does not always represent the motion of the internal
anatomy[57–59].
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Data driven gating(DDG) which relies on determining the respiratory waveform entirely
from the acquired PET data from the patient has been introduced as an alternative to external
devices to record the respiratory waveform. DDG is based on the knowledge that organs and
diseases which exhibit radiotracer uptake and are under the influence of respiratory motion, will
show periodic changes in the acquired PET data which can be detected and used to determine a
respiratory waveform. DDG eliminates the need for extra time to set up external devices, and
the resulting respiratory waveform is reproducible since it is entirely independent of the
variability in user setup exhibited with external devices for each unique patient. In addition, the
DDG signal is determined from the motion of internal anatomy rather than external surfaces.
Many different types of DDG techniques exist and have been in development over the
past decade[60–68]. One DDG methodology determines the center of mass of a regional
radioactive uptake that is influenced by respiratory motion and has been implemented in various
ways[60–62]. Another DDG methodology exploits the geometric sensitivity profile of clinical
PET scanners[63,64]. Other image based methodologies have also shown success, but are
computationally expensive and require image reconstructions for each timepoint, typically every
0.5s[65]. To overcome this challenge, other methods that work in sinogram space have been
developed such as the Sinogram Region Fluctuation[65] Spectral Analysis Method[66],
Principle Component Analysis[67], and Laplacian Eigenmaps[68].
All of these DDG methodologies have been made exclusively for PET data acquired in
Step and Shoot mode. However, no DDG method has been created for PET data acquired in
Continuous Bed Motion(CBM)[31] until very recently [32]. In CBM acquisitions, the patient is
continuously translated through the scanner, while in comparison to Step and Shoot, the patient
is imaged in multiple stationary and overlapping bed positions[69]. In this DDG approach, the
Spectral Analysis Method[66], which was originally developed for Step and Shoot, was adapted
by Schleyer et al. to work with CBM data[32] in order to account for the combination of
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anatomical motion due to both respiratory motion and continuous table motion. One challenge
that all Step and Shoot DDG methodologies must account for is inversions in the DDG signal
polarity that can occur between adjacent bed positions due to the arbitrary relationship between
DDG signal polarity and the direction of object motion influenced by respiratory motion. In
comparison to Step and Shoot, acquisition of the data in CBM enables continuous unlisting of
short axial extent volumes with a high percentage of axial overlap. The DDG analysis of these
volumes allows identifying a consistent relationship between the signal polarity and the physical
direction of object motion influenced by respiratory motion.
In this work we evaluate the performance of this novel CBM DDG (CBM_DDG)
algorithm in comparison to an external device (Anzai) approach in a phantom and clinical
evaluation. The evaluation is based on a comparison of the CBM_DDG and Anzai waveforms
from phantom and patient acquisitions. Additionally, assessments of the impact on tumor
quantification is also performed by comparing the results of images without motion correction
to the images with motion correction when using the Anzai and CBM_DDG waveforms
respectively. Finally, to assess the impact on subjective image quality, the perception of
respiratory motion blur was scored for images generated using Anzai and CBM_DDG
waveforms for motion correction respectively. To our knowledge, this investigation is the first
to perform a comprehensive phantom and clinical evaluation while using the CBM_DDG
algorithm in comparison to an external device approach for respiratory motion correction.

3.3

Materials and Methods

3.3.1 Continuous Bed Motion Data Driven Gating Algorithm
The CBM-DDG algorithm has been previously introduced [32]. Here we briefly
describe its general framework. The algorithm starts by dynamically framing the list mode data
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set into 500 ms frames. As seen in Figure 3-1, for each frame, a histo-projection volume is
created by placing each event onto the Cartesian coordinate that the event was most likely
emitted from using time of flight information. Each one of these volumes is collapsed onto the
y-axis, and the standard deviation for each 500 ms frame is calculated. At inspiration the
standard deviation of the collapsed frames will be highest, and so as patients breathe, the
standard deviation along the anterior posterior direction will vary periodically. The Fast Fourier
Transform of the standard deviation signal is used to estimate the global respiratory frequency,
which in turn is used to define the frequency peak and window used in the Spectral Analysis
Method.
The 500 ms histo-projection volumes created from the entire axial extent of the CBM
acquisition are then combined into 80 mm axial range volumes which are overlapped by 70 mm.
Each 80 mm volume is composed of 500 ms frames. From each 80 mm volume, the Spectral
Analysis Method creates a 3D mask which identifies the regions in the volume that are impacted
by respiratory motion. Leading and trailing edges of moving objects can destructively interfere
with each other, and so each mask location is multiplied by the cosine of the phase at each mask
location to enable these locations to contribute constructively to the respiratory signal. To
ensure that the signal polarity remains consistent across all 80 mm volumes, an optimal phase
angle is determined to minimize the difference in phase between the masks of adjacent 80 mm
volumes. The phase difference minimization is initialized at the 80 mm volume centered on the
dome of the liver which typically has the strongest DDG signal as a result of typically being
under the influence of respiratory motion and having physiologic uptake of F18-FDG above
background levels.
These phase adjusted masks are then averaged into one final 3D weighted mask. The
product of each 500 ms histo-volume and the 3D weighted mask is summed over all dimensions
for each 500 ms histo-volume to produce each 500 ms time point of the one-dimensional
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respiratory signal. To ensure that the global polarity of the 3D weighted mask signal is
consistent with the physiological respiratory motion direction, the correlation between the ystandard deviation signal, and the 3D mask signal multiplied by 1 or -1 is calculated. The 3D
mask signal when multiplied by 1 or -1 which has the highest correlation is assumed to have the
correct signal polarity with respect to the underlying respiratory motion and is used as the
CBM_DDG respiratory signal.
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Figure 3-1 Overview of the CBM_DDG workflow
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3.3.2 Phantom Evaluation
A phantom was utilized that moves 5 spheres in the superior-inferior, medio–lateral, and
anterior–posterior directions, simulating the elastic motion found in the abdomen and thorax. A
detailed description of this phantom and the setup was previously provided[54]. The inner
diameters of the spheres were 10, 13, 17, 22, and 28 mm. The spheres were suspended in a
cuboidal tank which was filled with 16 liters of water and prepared to achieve a 5:1 sphere-tobackground ratio. Four acquisitions were performed in which the spheres were driven with
amplitudes of 0, 1, 2, and 3 cm. The CIRS dynamic thorax phantom (Norfolk, Virginia) motor
drove the spheres with a single, 6 s, repeated cycle of a representative patient’s respiratory
waveform. The phantom scan was acquired on a 4-ring Siemens Biograph mCT Flow
system[7]. The CT used for attenuation correction was acquired while the spheres were
motionless and at the end of expiration. All PET acquisitions were performed using CBM.
Three table-speed zones were used for each acquisition: 1 mm/s for 15 cm superior to the
phantom, 0.5 mm/s for the 30 cm covering the phantom, and 1 mm/s for 15 cm inferior to the
phantom. All respiratory waveforms were acquired with the AZ-733V respiratory gating system
(Anzai Medical Co.) by placing the belt around the surrogate motion platform. When necessary
the PET list datasets were down sampled to achieve similar counting statistics.
Two respiratory motion correction reconstructions were performed using the Elastic
Motion Deblurring (EMDB)[54] algorithm which uses 100% of the PET data during the image
reconstruction and is known commercially as OncoFreeze. For the EMDB algorithm, a 35 %
duty cycle was used to reconstruct the HDChest reference image. One of the EMDB
reconstructions was performed using the Anzai waveform (ANZ_EMDB), and the other was
performed using the CBM_DDG waveform (DDG_EMDB). For both reconstructions, the
following parameters were used: 2 iterations, 21 subsets, time-of-flight information, point
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spread function correction, 200 x 200 matrix, 4.07 mm x 4.07 mm x 2.03 mm voxel size, and 5
mm full-width at half-maximum isotropic Gaussian post-filtration.
To compare the DDG and the Anzai waveforms, the Pearson correlation coefficient was
calculated for all the phantom acquisitions. The correlation coefficient was calculated for the
time portion of the waveforms corresponding to an 80 mm axial extent centered around the axial
motion extent of the phantom spheres. To assess the impact on quantification, for all
acquisitions and reconstructions, we measured SUVmax and SUVpeak. Measurements of
SUVmax and SUVpeak were made by drawing an encompassing region of interest around the
spheres. All measurements were made in MIM 6.6 (MIM Software, Inc.; Cleveland, OH). To
compare the relative performance in quantification between the two reconstructions, the
ANZ_EMDB reconstruction was considered to be the ground-truth measurement. For each
acquisition, the ratio of DDG_EMDB SUV to ANZ_EMDB SUV was calculated for each
sphere and then averaged across all spheres. This was calculated for SUVmax (RSmax) and
SUVpeak (RSpeak) respectively, and was the metric used for comparison of reconstruction
quantification.

3.3.3 Patients
Forty-three patients (22 males and 21 females mean age: 62.4 ± 15.1; mean BMI: 28.3 ±
6.6) having at least one lung or liver tumor less than 3 cm in diameter and located in regions
impacted by respiratory motion were recruited for this study (MDACC IRB 2015-0989).
Informed consent was obtained prior to imaging. Patients were instructed to fast for 6 hours
before injection of 322 ± 56 MBq 18F-FDG. The injection to scan delay time was 68.9 ± 9.3
min.
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3.3.4 PET Scan and Image Reconstruction
All patient scans were performed with the same PET/CT system and protocol as the
phantom scan except that the CT used for attenuation correction was acquired under free
breathing and the PET table speed was 0.8-1mm/s depending on the patient BMI. Over the
lung/liver region with the tumor(s) of interest, a 30 cm section of the scan was prescribed with a
table speed of 0.5 mm/s. The Anzai system was used to acquire all external device respiratory
waveforms. While the new DDG software was used to derive the CBM_DDG waveform, the
ANZ_EMDB and the DDG_EMDB reconstructions were performed using the same
reconstruction parameters as those of the phantom scan.

3.3.5 Patient Waveform Comparison and Image Quantification
The Pearson correlation coefficient was used to compare the Anzai and the CBM_DDG
respiratory signals for the patient respiratory waveforms between the aortic arch and the center
of the right kidney. These anatomical locations were chosen because they are impacted the
most by respiratory motion. Other areas such as the upper lungs and the lower abdomen are less
affected by respiratory motion.
To assess the impact of the motion correction algorithms on tumor quantification,
SUVmax and SUVpeak were measured. At the time of the examination, some patients’ tumors
had resolved or did not have a discernable uptake and so measurements of FDG foci (renal
medullae, spleen, and gastrointestinal) which were under the influence of respiratory motion
were made. Only one measurement per patient was made to avoid bias from patients with
multiple tumors. The mean SUVpeak and SUVmax across all patients was calculated for each
reconstruction, and the percent change of DDG_EMDB was calculated with respect to
ANZ_EMDB. To assess the similarity in quantification of the ANZ_EMDB and the
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DDG_EMDB images, a one-sided 95 % confidence interval non-inferiority test was used to
determine if the DDG_EMDB images would remain within a -5% non-inferiority margin with
respect to the ANZ_EMDB images for both SUVmax and SUVpeak. The one-sided 95 %
confidence interval was calculated according to equation 3-1:

𝒔𝟐

𝟗𝟓% 𝑪. 𝑰. = 𝒎𝒆𝒂𝒏(𝑫𝑫𝑮 𝑺𝑼𝑽𝒎𝒂𝒙) − 𝒎𝒆𝒂𝒏(𝑨𝑵𝒁 𝑺𝑼𝑽𝒎𝒂𝒙) − 𝟏. 𝟔𝟒𝟓√ 𝒏

(3-1)

where s is the standard deviation of the difference between the two reconstructions across all
patients and n is the number of patients. [70].

3.3.6 Physician Assessment of Image Quality
To assess whether the use of a CBM_DDG waveform visually reduces respiratory
motion blur in the images in a comparable manner to the Anzai waveform, a subjective
assessment of respiratory motion blur was made by three radiologists experienced in PET/CT
interpretation. One patient was assessed at a time and the coronal plane of both the
ANZ_EMDB and DDG_EMBD reconstructions was displayed side by side in a randomized left
to right order. The radiologists were asked to assess if there was any difference in motion blur
for a specific lesion when comparing the two reconstructions. If there was no difference, both
image series were assigned a score of zero. If one image series had more blur, then it was scored
on a continuous scale(no motion blur(0), slightly more motion blur (1), moderately more motion
blur (2), significantly more motion blur (3)). The image series with less blur was scored with a
zero. The intrareader reliability of each reader was assessed by repeating 10 randomly selected
patient studies. The mean motion blur score was calculated for each reconstruction. To assess
the similarity in subjective image quality of the ANZ_EMDB and the DDG_EMDB images, a
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non-inferiority test was utilized to determine if the DDG_EMDB images would remain within a
non-inferiority margin of 0.5 motion blurring points. The 95% one-sided confidence interval
was calculated according to equation 3-1, when using the motion blur scores and also changing
the final term of equation 3-1 (1.645*√(s2/n)) to be added rather than subtracted.

3.3.7 Statistical Analysis
All statistical analyses were performed using the R computing language (version 3.5.0).
A two-way random effects, absolute agreement, multiple raters intraclass correlation coefficient
was used to assess interreader reliability regarding the respiratory motion blur scores, whereas a
two-way mixed effects, absolute agreement, multiple raters intraclass correlation coefficient was
used to assess intrareader reliability regarding these scores[71].

3.4

Results

3.4.1 Phantom Evaluation
The correlation coefficients between the Anzai and CBM_DDG waveforms were 0.00, 0.40, 0.82, and 0.93 for the 0, 1, 2, and 3 cm amplitude acquisitions respectively suggesting that
the quality of the CBM_DDG waveform improves as the amplitude of the phantom motion
increases. Representative plots of the DDG and the Anzai respiratory waveforms are seen in
Figure 3-2. Figure 3-3 shows images of the two reconstructions and a subtraction image
(ANZ_EMDB – DDG_EMDB) for each acquisition. The subtraction image shows that the
largest differences occur for the 1 cm and 2 cm acquisitions. Quantitative analysis of the
phantom sphere data is shown in Figure 3-4 for RSmax and RSpeak. As the phantom motion
amplitude increased, the RSmax and RSpeak values decreased beneath 1 to a lowest value of
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0.93 and 0.95 for RSmax and RSpeak respectively. However, the RSmax and RSpeak values
increased from the 2 to 3 cm acquisition.

Figure 3-2 Segment of the respiratory waveform when the scanner was centered over the
phantom spheres.
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Figure 3-3 Maximum intensity projection images of the phantom for the acquisitions with varying motion amplitudes and
reconstructions used in this study: ANZ_EMDB(top row) and DDG_EMDB(middle row). Subtraction images (ANZ_EMDB –
DDG_EMBD) of a coronal slice along with a corresponding SUV scale (bottom row).
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Figure 3-4 Phantom Acquisition Measurements: A)DDG_EMDB SUVmax normalized to
ANZ_EMDB SUVmax for each acquisition (RSmax), B)DDG_EMDB SUVpeak
normalized to ANZ_EMDB SUVpeak for each acquisition(RSpeak). Error bars represent
+/- 1 SD.
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3.4.2 Patient Waveform Comparison and Image Quantification
For the comparison of the patient CBM_DDG to the Anzai respiratory waveforms, the
mean +/- standard deviation of the Pearson Correlation coefficient of the zone between the
aortic arch and the center of the right kidney was 0.71 +/- 0.24. A plot of the waveforms,
correlations, images, and SUVs for the patient with the highest waveform correlation coefficient
of 0.95, is seen in Figure 3-5.
For evaluation of the F18-FDG foci, in comparison to ANZ_EMDB, the mean
DDG_EMDB SUVmax and SUVpeak values were lower by 2.4% and 2.8% respectively.
Figure 3-6 shows boxplots of SUVmax and SUVpeak of the F18-FDG foci for the two
reconstructions. When compared to the non-inferiority margin of -5%, the one-sided 95%
confidence interval of the percent difference between ANZ_EMDB and DDG_EMDB was -3.9
% and -4.8% for SUVmax and SUVpeak respectively. This shows that for both SUVmax and
SUVpeak, DDG_EMDB demonstrated non-inferiority in comparison to ANZ_EMDB by being
within the non-inferiority margin of -5%.
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Figure 3-5 Example patient respiratory waveforms from a) CBM_DDG and Anzai along with a plot of a 30 s sliding window
correlation coefficient and anatomical landmark identifiers. b) ANZ_EMDB and DDG_EMDB reconstructions along with SUVmax
measurements of a lower liver lesion show little difference in motion blur in the images and show similar SUVmax quantification.
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Figure 3-6 Box-plots of patient F18-FDG foci (lung/liver/spleen tumor, gastric, and kidney
medulla) for a) SUVmax and b) SUVpeak for both the ANZ_EMDB and DDG_EMDB
reconstructions.
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3.4.3 Physician Visual Assessment
The physician average +/- standard deviation motion blur scores were 0.37 +/- 0.63 and
0.41 +/- 0.69 for ANZ_EMDB and DDG_EMDB respectively. The one-sided 95% confidence
interval of the difference between the DDG_EMDB and ANZ_EMDB motion blur scores was
0.30. This demonstrated that the DDG_EMDB images as assessed by motion blur were noninferior, falling in the non-inferiority margin of 0.5 motion blurring points. The inter-reader
intraclass correlation coefficient was -0.06 indicating poor reliability between the readers(95%
confidence interval, -0.43 : 0.24). The intra-rater intraclass correlation coefficients were -0.27,
0.09, and -0.30 indicating poor within-reader reliability.

3.5

Discussion
In this work we investigated the performance of the novel CBM_DDG algorithm in

comparison to the Anzai external device with respect to respiratory waveforms, SUV
quantification, and physician visual assessment of respiratory motion blur. To the best of our
knowledge, this is the first published comprehensive evaluation of the CBM_DDG algorithm
with both a phantom study and a relatively large patient population that also included
quantitative(SUV analysis) and qualitative evaluation(physician reads of image quality). Our
investigation showed that this CBM_DDG algorithm holds promise as an alternative to external
devices. This is supported by experienced radiologists finding that the DDG_EMDB images are
non-inferior to the ANZ_EMDB images, and that waveform correlations in the phantom and
patient scans were relatively high. This is also supported by the measured similarity in
quantification between the DDG_EMDB and ANZ_EMDB patient images which showed that
the DDG_EMDB images are non-inferior to the ANZ_EMDB images as measured by SUVmax
and SUVpeak.
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As expected in the phantom, the correlation of the respiratory waveforms between the
Anzai and DDG increased as the amplitude increased. However, with 1 cm of motion
amplitude, the CBM_DDG algorithm had a negative correlation coefficient most probably due
to a signal polarity flip, resulting in a value of -0.43. This polarity inversion is seen in Figure 32 as the troughs of the CBM_DDG waveform align with the peaks of the Anzai waveform. The
CBM_DDG algorithm uses the y-standard deviation signal from the Anterior-Posterior changes
in the chest and abdominal wall as the patient breathes to determine the polarity, and this
phantom was not designed to mimic this surface movement, providing a potential explanation
for the negative correlation coefficient. Even though the polarity was incorrectly assigned, the
absolute value of the correlation was still poor at 0.43. However, as the amplitude increased,
the correlation with the Anzai waveform increased up to 0.93 when using the largest motion
amplitude of 3 cm. The phantom demonstrates a challenge that the CBM_DDG and all DDG
algorithms face in that as there is less underlying respiratory motion of the anatomy, the quality
of the DDG signal will degrade. However, as the amount of respiratory motion decreases, so
too does the importance of performing respiratory motion correction, because the presence of
motion blur and decreases in measured activity concentration eventually subsides.
When viewing the ANZ_EMDB and DDG_EMDB phantom images it is hard to see any
differences, however, the subtraction images showed that the largest differences between the
two reconstructions occurred for the 1 cm and 2 cm acquisitions. This can be explained by the
fact that of the acquisitions with motion, the 1 and 2 cm acquisitions had the lowest waveform
correlation coefficients. The differences in waveforms results in selection of different PET data
for the reference image of the EMDB algorithm. The subtraction images with motion show that
with respect to the location around each sphere, the most positive(red) values, which indicate
the ANZ_EMDB values were higher, occur in the superior locations corresponding to the end of
expiration breathing position, while the most negative(blue) values, which indicate the
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DDG_EMDB values were higher, occur in the inferior locations corresponding to a sphere
position during inhalation. These subtraction images show that the Anzai waveform results in a
better selection of the data from the end of expiration for the 1 cm and 2 cm acquisitions.
However, for the 3 cm acquisition the subtraction image is much lower in intensity due to the
DDG waveform improving as the sphere motion increases.
Based on the results of the waveform analysis and phantom subtraction images, it follows
that as the amount of motion increased, that the RSmax and RSpeak values for DDG_EMDB
were lowest for the 1 and 2 cm acquisitions with values of 0.93 and 0.95 for RSmax and RSpeak
respectively. As expected, the values then improved for the 3 cm acquisition with values of
0.96 and 0.97 for RSmax and RSpeak respectively. Respiratory motion causes the most severe
blurring and underestimation of activity concentration at the most extreme motion amplitudes,
however, in this scenario, when motion correction is most needed the phantom evaluation
showed that the CBM_DDG algorithm performs its best with respect to image quantification.
For the analysis of the patient respiratory waveforms, the average correlation coefficient was
not as high as seen in previous DDG publications, typically above 0.8 [32,62,68]. However, in
our results we did not remove cases with Anzai waveforms of poor quality, which when
interpreting the correlation coefficient give the impression that the CBM_DDG waveforms were
of poor quality. We performed a second analysis in which we removed waveforms from the
average correlation coefficient calculation that were non-physiologic in appearance, and those
that had high percentages of signal saturation at either the minimum or maximum values. When
these cases (11/43) were removed, the average correlation coefficient increased from 0.71 +/0.24 to 0.80 +/- 0.16, which is more aligned with previous findings. Figure 3-5 shows the
patient with the highest correlation coefficient between the aortic arch and the center of the right
kidney. The figure shows that the correlation between the two waveforms increases
dramatically when nearing the apex of the lungs, reaches its highest values between the liver
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dome and the center of the right kidney, slowly falls off until the center of the bladder, then
sharply falls off afterwards. Viewing a multi bin gated reconstruction of this patient reveals that
there are substantial amounts of motion between the aortic arch through the top of the bladder in
which respiratory motion is apparent. In addition to the normal physiologic radiotracer
distribution, this patient had liver metastasis and high uptake levels in the bowel. In this patient
scenario the CBM_DDG algorithm is expected to perform very well. Of the acceptable Anzai
waveforms, the lowest correlation coefficient was 0.15 due to a poor DDG waveform. In
contrast to the previous patient, this patient did not have as much respiratory motion and the
only region with high contrast uptake was the kidneys. Approaching the kidneys, the
correlation increased dramatically above 0.8, then steadily fell off after the kidneys most likely
due to low amounts of radiotracer accumulation influenced by respiratory motion.
Consequentially, in the CBM_DDG mutli bin gated images, the kidney region shows that the
respiratory motion is captured, while the heart and the dome of the liver are not in motion,
contrary to the corresponding Anzai images which show heart and liver dome motion. This
highlights that when there are lower amounts of motion and radioactivity present, the
CBM_DDG algorithm will not perform as well as external devices.
The comparison of waveforms in patients does not tell the entire story. Since the
CBM_DDG waveform is derived from the internal motion, rather than external devices which
are surrogates of internal motion, outcome measures on the impact of quantification were
necessary. To demonstrate that the CBM_DDG algorithm can replace the Anzai external device
for measuring a patient’s respiratory waveform with respect to SUV quantification, we
performed non-inferiority tests for both SUVmax and SUVpeak. We chose a non-inferiority
margin of -5% of the average ANZ_EMDB SUV. If the one-sided 95% confidence interval of
(SUV(DDG_EMDB) - SUV(ANZ_EMDB)) was > -5% of the average ANZ_EMDB SUV, then
the non-inferiority of DDG_EMDB to ANZ_EMDB was established. Previous evaluations of
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the EMDB algorithm[54] showed an average increase in comparison to non-motion corrected
images of 19.3% and 11.1% with respect to SUVmax and SUVpeak. We chose -5% for the
non-inferiority margin as a difference that is acceptable in comparison to the current gold
standard ANZ_EMDB measurement, because the -5% non-inferiority margin is narrow enough
to avoid accepting the DDG_EMDB algorithm if its quantification results are too close to the
non-motion corrected images. Non-inferiority was proven for the measurements of SUVmax
and SUVpeak having one-sided 95% confidence intervals of -3.9 % and -4.8 %. When
considering this and that the DDG_EMDB SUVmax and SUVpeak measurements were lower
than ANZ_EMDB by only 2.4% and 2.8% respectively, this shows that the CBM_DDG
algorithm can replace the Anzai external device for measuring the patients’ respiratory
waveform with respect to SUV quantification in patients.
The physician visual evaluation of image quality showed that the DDG_EMDB images
are non-inferior to the ANZ_EMDB images with respect to the presence of respiratory motion
blur. We chose the non-inferiority margin as 0.5 blurring points, being between 0(no blur) and
1(slightly more blur), as a value that signified negligible increases in the visual perception of
respiratory motion blur. For the visual evaluation, we only performed an assessment of the
presence or respiratory motion blur as this was the most pertinent subjective assessment to
make in a respiratory motion correction study and because the overall image quality of the
EMDB algorithm has been previously evaluated when using the Anzai for the respiratory
waveform[54]. Overall image quality scores are dependent on image noise, however, both the
ANZ_EMDB and DDG_EMDB reconstructions used the same data set so we do not expect
there would be any difference in image noise. One challenge with this study was that the inter
and intra reader reliability was poor. However, this poor reliability was likely because the
difference in respiratory motion blur was very subtle and hard to discern. This probably made it
difficult to reproduce the scoring of the images between the radiologists when scoring all patient
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cases and within each radiologist when 10 cases were repeated. Based on these results of the
physician evaluation, we expect that the DDG_EMDB can replace the ANZ_EMDB images
having little discernable difference.
One potential limitation with this study is that although all patients that were recruited had at
least one lung or liver tumor < 3 cm in diameter on prior examinations, not all tumors were
present or metabolically active at the time of the examination. This was the case for 5/43
patients, and as an alternate for each of these patients a single F18-FDG focus was analyzed
resulting in 1 gastric focus, 3 kidney medulla foci, and 1 splenic focus. Another limitation of
the patient evaluation was that we included the results from all patients even if the Anzai
respiratory waveform had issues as was the case in 11/43 patients. One of the inherent
challenges of using external devices is that they are liable to failure, and so we wanted to
capture how well the CBM_DDG algorithm functions in comparison to the Anzai when the
Anzai failed and include this in the summary of the results. The final limitation of the patient
study was that a free breathing CT was used to perform attenuation correction, and could have
resulted in inaccuracies in quantification when performing attenuation correction[72].
One limitation of the phantom evaluation was that only a single sphere to background ratio,
5:1, was used in this evaluation. As the background ratio increases, it is expected that the
CBM_DDG algorithm would perform better. In addition, the size of the object(s) that are
moving influences the quality of the CBM_DDG signal. Future work should evaluate the
CBM_DDG algorithm at lower sphere to background ratios to determine the limits of
functionality for the CBM_DDG algorithm. This is an important consideration since motion
correction for low contrast objects is arguably the most important task for visual detection, and
it could be the case that the CBM_DDG algorithm becomes unreliable with low uptake and with
small moving objects. Another limitation of the phantom study is that the CBM_DDG
algorithm has been optimized to work on patient datasets, and not on phantom datasets.
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Furthermore, the phantom used in this study was not anthropomorphic in design and did not
represent typical biodistributions that would be seen in the patient, both of which should be
considered in future investigations.
A prior study has shown that the performance of DDG algorithms degrades as the number of
detected events decreases[68] and future work should investigate how this impacts the
CBM_DDG algorithm. This is an investigation that could be performed by randomly removing
fractions of the events from the PET LIST mode files that were already acquired for this
investigation. In addition, it is not known how utilization of high table speed acquisitions used
for dynamic PET imaging will impact the CBM_DDG algorithm, and this remains a topic of
future investigation. In this investigation, only patients scanned with F18-FDG were included in
the research protocol, and future work should investigate the performance of the CBM_DDG
algorithm with radiotracers that are gaining more widespread use clinically such as Ga-68
DOTATATE and F18-Fluciclovine.
As future PET scanner technology improves, so too should the CBM_DDG algorithm. The
recently introduced Siemens Biograph Vision[8], has a sensitivity that is 70.3% higher than the
mCT Flow used in this study, which should improve the quality of the CBM_DDG signal,
although it is likely that the higher sensitivity will be traded in to reduce the total injected
activity. In addition, the time of flight resolution of the Biograph Vision has improved
substantially from 540 ps to 210 ps, which could improve the signal to noise ratio of the histoprojections which are central to the CBM_DDG algorithm (Figure 3-1). This should result in an
improved CBM_DDG signal.
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3.6

Conclusion
This study showed that the CBM_DDG waveform produces similar results in all evaluations

performed when compared to the Anzai waveforms. Consequentially, the CBM_DDG
algorithm shows promise to overcome the need for external hardware to measure respiratory
waveforms.
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Chapter 4: Evaluation of the impact of step and shoot and
continuous bed motion PET acquisition modes on respiratory motion
correction

4.1

Abstract

Continuous bed motion (CBM) was recently introduced as an alternative to step-and-shoot (SS)
mode for PET/CT data acquisition. In CBM, the patient is continuously advanced into the
scanner at a preset speed, whereas in SS, the patient is imaged in overlapping bed positions.
Previous investigations have shown that patients preferred CBM over SS for PET data
acquisition. In this study, we investigated the effect of CBM versus SS on patient breathing and
respiratory motion correction. One hundred patients referred for PET/CT were scanned (50 each
in CBM and SS mode) using a Siemens mCT scanner. Patient respiratory waveforms were
recorded using an Anzai system and analyzed using four methods: 1-2 measured the coefficient
of variation (COV) of the respiratory cycle duration (RCD) and amplitude (RCA). Method 3
measured the respiratory frequency signal prominence (RSP) and method 4 measured the width
of the HDChest optimal gate (OG) window when using a 35% duty cycle. Waveform analysis
was performed over the abdominothoracic region which exhibited the greatest respiratory
motion and the results were compared between CBM and SS. Respiratory motion correction
was assessed by comparing the ratios of SUVmax, SUVpeak, and CNR of focal FDG uptake as
well as Radiologists’ visual assessment of corresponding image quality of motion corrected and
uncorrected images for both acquisition modes also. The respiratory waveforms analysis
showed that the RCD and RCA COV were 3.7% and 33.3% lower for CBM compared to SS
respectively, while the RSP and OG were 30.5% and 2.0% higher respectively. Image analysis
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on the other hand showed that SUVmax, SUVpeak, and CNR were 8.5%, 4.5%, and 3.4%
higher for SS compared to CBM respectively, while the Radiologists’ visual comparison
showed similar image quality. However, for all these results there were no statistically
significant differences between SS and CBM, suggesting that motion correction is not impacted
by acquisition mode.
4.2

Introduction
One of the unique advances in whole-body positron emission tomography / computed

tomography (PET/CT) is the acquisition of PET data with continuous bed motion (CBM) [73].
Siemens Healthineers (Erlangen, Germany) recently introduced this data acquisition technology
on their PET/CT systems with the commercial name of FlowMotion [31]. Currently, the most
common mode of PET data acquisition is step and shoot (SS), which advances the patient into
the scanner in incremental steps, with each step being followed by acquisition of PET data while
the bed is stationary.
Acquisition of PET data in CBM mode has many advantages over SS mode. For SS
acquisition, it is necessary to overlap each bed position to maintain uniform levels of image
noise axially. In CBM acquisition, on the other hand, the patient passes continuously through
the entire PET detector, so all objects are sampled uniformly by the detector. Studies have
shown that while there are minimal differences between CBM and SS when measuring the
maximum and mean standardized uptake value (SUV) in tumors, the standard deviation of the
SUV in both phantom and patient data were higher for SS than for CBM acquisitions [69,74].
In addition, with CBM, the end-plane images are acquired in the center of the PET detector,
resulting in lower image noise in the most inferior and superior images than that in SS mode
which has the lowest sensitivity at these corresponding locations. These improvements in endplane image quality have been observed when using CBM in both patient and phantom studies
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[31,69,74]. However, an assessment of image quality by radiologists blinded to the acquisition
mode demonstrated no consensus in preference for CBM over SS with one study showing a
significant preference for CBM images [74] while the second study showed no significant
preference [69].
Another advantage of CBM is that speed zones can be prescribed in variable lengths to
the nearest 0.5 cm, allowing for greater precision, flexibility, and organ-centric scan prescription
than with SS acquisition. In SS mode, a whole extra bed position must be prescribed when the
imaged area is slightly larger than the axial extent of the detector. In addition to the resultant
increase in acquisition time, any anatomy that does not have to be imaged but is included in the
SS PET prescription will be unnecessarily exposed to CT radiation. In one study, researchers
compared the CBM scan prescription used in patient examinations with the SS prescription that
would have been used for these patients. On average, the scan length was 3.5% shorter and the
CT radiation dose was 0.5 mSv lower in CBM mode than in SS mode [75]. Another important
consideration for PET scans is the patient experience, and this was investigated in a randomized
crossover study in which patients were scanned in both CBM and SS mode, and the study
showed that patients strongly preferred CBM because it has less abrupt motion, is quieter, and is
more relaxing [69].
None of these previous studies, however, evaluated the impact of CBM and SS
acquisition modes on patient breathing and the effect these two modes have on respiratory
motion correction. Respiratory motion blur in PET/CT can cause a multitude of challenges,
including decreased tumor detectability, underestimation of radiotracer concentrations, and
misalignments with anatomical images in areas affected by respiratory motion [14,16].
Although numerous methodologies have been developed to correct for respiratory motion blur
[21,22,54,76], several studies have demonstrated that the regularity of patient breathing patterns
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can greatly impact the efficacy of PET images both without and with respiratory motion
correction [25,77,78].
In the present study, we prospectively assessed the impact of CBM and SS acquisition
modes on the regularity of patient breathing and quantitative and visual assessment of
respiratory motion corrected images in PET/CT. To the best of our knowledge, this is the first
time such an investigation has been performed. Should CBM or SS produce patient breathing
with more regularity and consequently higher quality of motion corrected images, this would
provide valuable information on which acquisition mode is superior for respiratory motion
corrected studies in PET/CT.
4.3

Methods

4.3.1 Patients
100 patients with varying disease stages referred for PET/CT imaging were recruited for
this study. 50 patients were assigned to CBM mode, while 50 others were assigned to SS mode.
To ensure even distribution between the BMI ranges in both groups, patients were recruited to
fill five body mass index (BMI) ranges (BMI<20, 20≤BMI<25, 25≤BMI<30, 30≤BMI<35, and
BMI ≥35) at 10 patients per range.
The CBM and SS modes were assigned randomly, and patients were blinded to the
acquisition mode. Fifty-seven male and 43 female patients were scanned (mean age, 56.2 ± 13.7
years; mean BMI, 28.7 ± 8.7). Contrast CT studies can be very unpleasant for patients, so to
reduce potential variables which could influence patient breathing, only patients undergoing non
contrast CT scans were recruited. Patients fasted before injection of 352.2 ± 39.8 MBq 18Ffluorodeoxyglucose. The mean ± standard deviation time from injection to the start of PET
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acquisition was 68.5 ± 8.9 min. This study was approved by the Institutional Review Board
(IRB 2015-0986), and all patients gave written informed consent to participate prior to imaging.

4.3.2 PET/CT Acquisition and Image Reconstruction
All patients were scanned using a four-ring Biograph mCT Flow system (Siemens
Healthineers), which was previously characterized [7]. A free-breathing helical CT scan was
acquired for attenuation correction and anatomical localization using CARE Dose4D (quality
reference 90 mAs), CARE kV (quality reference: 120 kV), a 16 x 1.2 mm detector
configuration, and a pitch of 1.4. For the PET acquisition, clinical CBM table speeds and
equivalent SS bed times were prescribed based on BMI. For BMIs less than 40, scans from the
top of head to the pelvis were acquired at 1 mm/s (2.3 min/bed), and scans of the lower
extremities were acquired at 1.5 mm/s (1.5 min/bed). For BMIs greater than or equal to 40,
these values were 0.8 mm/s (2.8 min/bed), and 1.5 mm/s (1.5 min/bed) respectively. For both
modes of acquisition (CBM and SS), patient respiratory waveforms were recorded throughout
the whole-body scanning using an AZ-733V respiratory gating system (Anzai Medical, Tokyo,
Japan) with the Anzai load cell fixing belt placed between the xyphoid process and umbilicus.
All respiratory waveforms were acquired using the Siemens Healthineers PET/CT software
interface, which allowed for determination of when the SS table transition times occurred. PET
image reconstruction was performed with and without motion correction using: 2 iterations, 21
subsets, time-of-flight information, point-spread function correction, 200 x 200 matrix, 4.07 mm
x 4.07 mm x 2.03 mm voxel size, and 5-mm full width at half-maximum isotropic Gaussian
post-reconstruction filter. Reconstruction without motion correction for both acquisition modes
(CBM and SS) will here onwards be referred to as static whole body (SWB), while
reconstructions with motion correction for both acquisition modes (CBM and SS) were
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performed using a recently introduced respiratory motion correction algorithm(OncoFreeze) that
utilizes elastic motion deblurring(EMDB)[54].

4.3.3 Respiratory Waveform Analysis
To evaluate the impact of the CBM and SS acquisition modes on the regularity of patient
breathing, we analyzed the quality of the corresponding patient respiratory waveforms using
multiple approaches. All analyses were performed at the location of the fourth bed position, as
this location is most likely to cover the lower lung to upper abdominal area where respiratory
motion blur is most severe. For waveform analysis corresponding to CBM acquisitions, we
selected a segment of the waveform that came from an equivalent time period as bed four for the
SS patients, based on the BMI dependent acquisition time of the SS protocol (t = 6.9:9.2 min for
BMI<40, t = 8.4:11.2 min for BMI≥40).
The regularity of the patient respiratory waveforms acquired during CBM and SS data
acquisition was determined using four analysis techniques. The first, and second analysis
techniques measured the coefficient of variation (COV) of the respiratory cycle durations
(RCD) and the respiratory cycle amplitude (RCA) (figure 4-1) for the CBM and SS patient
cohorts and the results were compared between the two acquisition modes. Patients with very
repetitive breathing will have the lowest coefficients of variation for these values. The third
technique calculated the respiratory frequency range signal prominence (RSP) [62]. The RSP
calculates the ratio of the energy spectral density of the signals within a respiratory frequency
range corresponding to human breathing to the energy spectral density of the signals outside this
range, usually attributed to nonrepetitive respiratory breathing and signal noise (figure 4-1).
Based on observations of our patient population, we defined the human respiratory frequency
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range as 0.1-1.0 Hz (1-10 s). A high RSP is indicative of a waveform that is more repetitive than
one with a lower RSP. RSP data for both CBM and SS patient cohorts were then compared.
Finally, in the fourth technique, the optimal gate (OG) width was calculated according to the
HDChest algorithm with 35% of the breathing signal falling within this amplitude width [22].
All OG widths were normalized to the same amplitude range. The OG width for patients with
nonrepetitive breathing should be wider and cause more respiratory motion blur than that for
patients with repetitive breathing who consistently return to the same end-of-expiration location
in the breathing cycle (figure 4-1). OG width data were then compared between the two
acquisition modes (CBM and SS). For all analysis methods the measurements were
summarized by their medians [interquartile range] and the percent changes in the medians
between the two data acquisition modes (CBM and SS) were calculated with respect to the SS
medians.
To assess the impact of abrupt SS transitions between bed positions immediately
following the transitions, the above four waveform analyses were repeated for the first 30 s of
bed position 4 and the results were compared with those for the last 30 s of that bed position.
The comparisons were performed on waveforms that were acquired within the CBM and SS
groups independently. All measurements comparing the first and last 30 s were summarized by
their medians [interquartile range] and the percent changes in the medians were calculated with
respect to the first 30 s medians.
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Figure 4-1 An example patient respiratory waveform at bed position four along with the
four different analysis techniques
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4.3.4 Respiratory Motion Quantification and Image Quality Assessment
To assess the impact of CBM and SS on image quantification and quality of motion
corrected images, we measured SUVmax, SUVpeak, and CNR on various foci of FDG uptake
(tumor, kidney medullae, spleen, and gastrointestinal). Since this is a non-crossover study
where we cannot directly compare quantitative measurements from CBM to those of SS, we
calculated the ratio of each of these metrics in motion corrected images (EMDB) to noncorrected images (SWB) and compared the results between acquisition modes (SS vs. CBM).
The CNR was calculated according to equation 4-1:

𝑪𝑵𝑹 =

𝑺𝑼𝑽𝒎𝒂𝒙,𝒇𝒐𝒄𝒖𝒔−𝑺𝑼𝑽𝒎𝒂𝒙,𝒍𝒊𝒗𝒆𝒓
𝑺𝑼𝑽 𝑺𝑫,𝒍𝒊𝒗𝒆𝒓

(4-1)

where the SUV standard deviation (SUV SD) was measured in healthy liver tissue using a 3 cm
diameter spherical region of interest. Only a single focus was analyzed for each patient.
All SS image measurements were made on the reconstruction from the fourth bed. To
compare similar locations in the chest and abdomen for CBM datasets, only the images from the
same axial range as the fourth bed position in SS acquisition were analyzed. All measurements
were summarized by their medians [interquartile range] and the percent changes in the medians
were calculated with respect to the SS medians.
4.3.5 Physician Assessment of Image Quality
To assess the impact of CBM and SS acquisition modes on the visual evaluation of
image quality, two radiologists experienced in PET/CT interpretation were asked to compare the
patients’ EMDB motion corrected images to uncorrected SWB images from bed position four
(Figure 4-2). In order to compare the two reconstructions, each radiologist was presented with
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side by side coronal views of the SWB and EMDB reconstructions in a randomized order and
only one patient was viewed at a time. The radiologists assessed if there was any difference in
motion blur between the two image series. If there was no difference, both image series were
assigned a score of zero. If one image series had more blur, then it was scored on a continuous
scale (slightly more motion blur (1), moderately more motion blur (2), significantly more
motion blur (3)). Finally, a motion blur score difference was calculated by subtracting the
EMDB score from the SWB score for each patient according to equation 4-2:

𝒎𝒐𝒕𝒊𝒐𝒏 𝒃𝒍𝒖𝒓 𝒔𝒄𝒐𝒓𝒆 𝒅𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒄𝒆 = 𝑺𝑾𝑩𝒔𝒄𝒐𝒓𝒆 − 𝑬𝑴𝑫𝑩𝒔𝒄𝒐𝒓𝒆 (4-2)

A positive difference indicates that the SWB images have more motion blur. The acquisition
mode (SS or CBM) which results in the highest motion blur score difference indicates that
respiratory motion correction was most effective with that mode. The motion blur score
differences were summarized by their medians [interquartile range] for the CBM and SS groups
respectively. To assess the intrareader reliability of each reader, 20 randomly selected patient
studies were repeated.
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Figure 4-2 Patient images of the (a) non-motion corrected SWB and (b) the motion corrected EMDB reconstructions for physician
interpretation. The images are from a CBM acquisition.
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4.3.6 Statistical Analysis
All statistical analyses were performed using the Prism software program (version 7.03;
GraphPad Software, San Diego, CA) and the R computing language (version 3.5.0). All
waveform characteristics, respiratory motion correction measurements, and respiratory motion
blur assessment scores were compared using the Mann-Whitney U and Wilcoxon signed rank
tests for nonpaired and paired data, respectively. To control the false discovery rate due to
multiple testing, the Benjamini-Hochberg procedure was used. P values less than 0.05 were
considered significant. A two-way random effects, absolute agreement, multiple raters
intraclass correlation coefficient was used to assess interreader reliability regarding the
respiratory motion blur scores, whereas a two-way mixed effects, absolute agreement, multiple
raters intraclass correlation coefficient was used to assess intrareader reliability regarding these
scores [71].
4.4

Results

4.4.1 Respiratory Waveform Analysis
Results of the analysis of patient respiratory waveforms throughout the entire duration of
bed position four are shown in Table 4-1. The results show that CBM has a lower COV for
RCD and RCA and larger values for RSP suggesting that CBM results in more regular patient
breathing; however, none of these results were statistically significant. The results also show
that while RCD COV and OG had small percent changes (< 5%) in median values between the
two acquisition modes, those for RCA COV and RSP had larger percent changes (> 30%).
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Table 4-1 Comparison of the four different analysis methods between CBM and SS for the
entire waveform duration for bed position four.

Measurement

Scan
Mode

median
[interquartile]

% change in
median

P-value

RCD COV

SS

0.28 [0.18]

3.7%

0.86

CBM

0.27 [0.21]

SS

0.32 [0.32]

33.3%

0.55

CBM

0.24 [0.21]

SS

5.57 [9.04]

-30.5%

0.86

CBM

8.02 [7.3]

SS

429.5 [293]

-2.0%

0.55

CBM

438.4 [273.2]

RCA COV

RSP

OG
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Analysis of patient respiratory waveforms of the first 30s of bed position four in
comparison to the last 30 s of bed position four are shown in Table 4-2. The table shows that
most results of the first 30 s were lower in comparison to the last 30 s for both the CBM and SS
acquisition modes respectively, suggesting that the bed transitions in SS acquisition mode did
not impact patient breathing. The results also showed that the corresponding COV values for
CBM were mostly lower than SS while the RSP values were higher suggesting more regular
breathing in CBM compared to SS. However, the OG results showed an opposite effect in that
the CBM OG width was higher suggesting less regular breathing. Overall none of these results
showed statistically significant differences between the first 30 s and the last 30 s of bed
position four for both CBM and SS modes of PET acquisition respectively.
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Table 4-2 Waveform analysis of the first and last 30 s of bed position four.

Measurement

SS RCD COV

CBM RCD COV

SS RCA COV

CBM RCA COV

SS RSP

CBM RSP

SS OG

CBM OG

Time

median

% change in

Analyzed

[interquartile]

median

BEG_30s

0.11 [0.19]

-47.6%

0.17

END_30s

0.21 [0.24]

BEG_30s

0.14 [0.22]

-12.5%

0.98

END_30s

0.16 [0.24]

BEG_30s

0.2 [0.3]

-23.1%

0.98

END_30s

0.26 [0.4]

BEG_30s

0.15 [0.21]

-25.0%

0.69

END_30s

0.2 [0.2]

BEG_30s

5.6 [7.6]

-13.8%

0.15

END_30s

6.5 [9.3]

BEG_30s

6.7 [7.7]

-10.7%

0.71

END_30s

7.5 [7.9]

BEG_30s

362.4 [287.4]

1.5%

0.98

END_30s

357 [254.6]

BEG_30s

405.8 [299.8]

-1.9%

0.98

END_30s

413.6 [327.9]
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P-value

4.4.2 Respiratory Motion Quantification and Image Quality
As seen in table 4-3, the ratios of EMDB to SWB measurements for SUVmax,
SUVpeak, and CNR for both acquisition modes (CBM and SS) indicated that the EMDB
reconstruction improved foci quantification (ratios > 1), and detectability (ratios > 1). However,
while the SS ratio was consistently higher than CBM, suggesting that motion correction was
more effective in SS vs CBM for all of these measurements, none of these differences were
statistically significant.

Table 4-3 Results for the motion quantification measurements. The scores are
summarized as the median [interquartile].

Measurement

SUVmax

SUVpeak

CNR

Scan Mode

median ratio

% change in P-value

[interquartile]

median ratio

SS

1.28 [0.2]

8.5%

0.11

CBM

1.18 [0.21]

SS

1.15 [0.12]

4.5%

0.11

CBM

1.1 [0.1]

SS

1.23 [0.41]

3.4%

0.63

CBM

1.19 [0.36]
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4.4.4 Physician Assessment of Image Quality
The physician median [interquartile] overall score differences were 1[1] and 1[1] for
CBM and SS mode, respectively (p = 0.64). Figure 4-3 shows the distribution of physician
responses of motion blur for SS and CBM. The inter-reader intraclass correlation coefficient
was 0.10 indicating poor reliability (95% confidence interval, -0.34 : 0.39). The intra-rater
intraclass correlation coefficients were -0.34 and 0.24 indicating poor reliability for both
readers.

Figure 4-3 Bar Plot of the frequencies of the motion blur score differences for the CBM
and SS motion blur visual analysis.
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4.5

Discussion
In this work, we investigated whether CBM and SS acquisition modes impact patient

breathing and consequently respiratory motion correction during PET/CT. To our knowledge,
this is the first comparison study of the impact of these two acquisition modes on patients’
respiratory waveforms and on respiratory motion correction. Our results showed that there is no
statistically significant difference in patient breathing when PET data is acquired in CBM vs SS.
Furthermore, our results showed that there was no statistically significant difference in
quantitative and qualitative evaluation of motion corrected PET images when the data is
acquired in CBM vs SS.
We analyzed the patient breathing waveforms using four different methods to capture all
potential factors that could affect the repeatability of a patient respiratory waveform when PET
data is acquired in CBM and SS. Our first overall patient respiratory waveform assessment was
based on measuring the COV of the RCD. If a PET acquisition mode perturbs a patient’s
breathing, then the repetitiveness of the cycle duration would change, and this would be shown
through an increased COV. This analysis, however, does not differentiate between normal (0.1
-1.0 Hz) and abnormal respiratory frequency ranges. For this reason, we used the RSP [62]
which calculates the ratio of signals associated with normal breathing frequencies to those
signals associated with abnormal frequencies. High ratios indicate repetitive breathing cycles,
while smaller ratios indicate less repetitive breathing. Both of these approaches (RCD and
RSP), however, do not capture any information about the breathing cycle amplitudes. For
example, a patient breathing waveform might have a consistent RCD but widely varying
amplitudes. In this regard we used RCA as an additional approach to assess the repeatability of
the patient’s respiratory cycle. Here also if a PET acquisition mode perturbs the patient’s
breathing, then the repetitiveness of the cycle amplitudes will change and this would be shown
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through an increased COV. Finally, the choice of the OG width as another measure of the
breathing cycle repetitiveness was based on its utilization in the HDChest and
OncoFreeze(EMDB) motion correction techniques. For patients with less repetitive respiratory
waveforms, the OG width will be wider in comparison to more repetitive waveforms. A larger
OG width is indicative of poor image quality, as it includes more respiratory motion blur in the
motion corrected images. Figure 4-4 shows examples of respiratory waveforms and respective
analyses of a patient with repetitive breathing and a patient with non-repetitive breathing. This
figure demonstrates that when there are differences between respiratory waveforms, that the
methodologies of waveform analysis used in this work captured these differences.
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Repetitive Breathing Respiratory Waveform

Non-Repetitive Breathing Respiratory Waveform

Figure 4-4 Examples of repetitive (top) and non-repetitive(bottom) respiratory waveforms and respective analyses
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Although the respiratory waveform analyses over the entire duration of bed position four
showed no statistical difference between CBM and SS (table 4-1), we found that the RCD COV
and OG percent changes in the median between SS and CBM were very small, while the percent
changes in RCA COV and the RSP were much larger. This shows that although the RCD and
OG characterize certain attributes of the waveform, the RCA COV and RSP analyses captured
additional information that would not have otherwise been characterized, as shown through the
larger percent changes measured for these metrics. For RSP, we expected to see the SS results
to be lower than those for CBM which indicates that the patient breathing was perturbed by the
table transition, and our results supported this expectation although our findings were not
statistically significant. On the other hand, we did not expect to see the OG width for SS to be
lower than that for CBM since that would indicate that the table transition improves the
repetitiveness of the patient breathing. However, here again these measurements for the whole
duration of bed position four were not statistically significant. The lack of statistically
significant differences in both of these cases as well as in the COV results could be explained by
the possibility that any perturbations to the patient breathing that could occur immediately after
the SS table transition quickly subside and are averaged out over the entire bed position time
frame.
Our analysis comparing the first and last thirty seconds of bed position four was
specifically conducted, so that any perturbations that might occur after the table transition will
not be averaged out over the entire bed position. Our results, however, showed that there were
no statistical differences in patient breathing between the first and the last 30 seconds. After the
bed transition for the SS acquisition mode, we expected that all results except for the RSP would
be higher in the first 30 s of bed position four due to patient breathing becoming non-repetitive
as a result of the table transition, however, these values were all unexpectedly lower than the
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last 30 s, except for the SS OG width. One potential explanation is that the SS table transition
improves the repetitiveness of the patient breathing, a situation that needs further investigation
in a future study. For CBM on the other hand we expected to see negligible differences between
the first 30 s and last 30 s due to the smooth motion of the bed throughout the CBM acquisition,
however, our results in table 4-2 showed that for several of the analysis methods there were
unexpected differences, which for all metrics had smaller values for the first 30 s. Further
analysis of this unexpected finding is warranted. Overall, most of the CBM differences were
smaller in comparison to those of the SS acquisition mode, suggesting that the SS table
transition has a larger impact on the patient breathing. Based on these results, we conclude that
the mode of table motion has no statistically significant impact on the patient breathing.
However, given that none of these results were statistically significant, we conclude that we
cannot differentiate between the impact of data acquisition mode (CBM versus SS) on patient
respiratory waveforms.
From the outcomes of the respiratory waveform analysis, it was not expected that the
results of the respiratory motion quantification and image quality assessment would be different
between the CBM and SS modes. This expectation agrees with our results which showed that
although the median SS ratio was higher than the CBM ratio for SUVmax, SUVpeak, and CNR,
these differences were not statistically significant. It is important to note, however, that for the
18

F-FDG foci that were analyzed, respiratory motion correction for both CBM and SS improved

quantification and detectability as shown by the results of the ratio ( >1 ) of EMDB to SWB for
SUVmax, SUVpeak, and CNR respectively in Table 4-3.
Given the results of the respiratory waveform analysis and the respiratory motion
quantification, it was also not expected to observe a statistically significant difference between
the respiratory motion blur reduction of CBM and SS as determined by the radiologists. Our
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results support this expectation. The median motion blur score difference was 1 and 1
respectively for CBM and SS, showing that the EMDB algorithm has a slightly perceivable
reduction in motion blur in comparison to SWB, however there was no statistical difference
between the two acquisition modes. Both the inter and intra reader ICC scores were poor for the
physician assessment. One potential reason for this result is the slight perceivable difference in
respiratory motion blur between images acquired in CBM and SS.
One limitation of this study is that most of the patients (89 of 100) in this study were
scanned on an average of four times, and the majority had their last PET/CT scan at MD
Anderson. These patients were aware of what to expect during a PET/CT examination, so they
had much less anxiety due to fear of the unknown of being in a PET/CT scanner which could
affect the regularity of their breathing independent of the acquisition mode than patients
undergoing PET/CT for the first time.
Another potential limitation of this study is that it was designed as a non-crossover
study. Such a study design requires a large number of patients to achieve statistical
significance. Our study might not have been statistically powered with the number of patients
scanned (50 patients per group) to detect differences between the two acquisition modes (CBM
vs SS) for the respiratory waveform analysis, respiratory motion correction image quantification
and visual assessment of motion blur score. Crossover studies require fewer patients to detect
changes between two methods. However, to perform a crossover study design would require
scanning the patients in both CBM and SS, thereby doubling the acquisition time, which would
have been very challenging to achieve in our very busy clinic. In addition, a challenge with
performing this work in a crossover study, is that the patient would have to lie on the bed for
twice the amount of time, which would likely influence their breathing and consequentially the
motion corrected images.
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An additional limitation of the study is that we did not recruit patients specifically with
lung or liver tumors in areas impacted by respiratory motion. For this reason, several patients
had no lesions impacted by respiratory motion, and this is why we analyzed foci in other organs
which unavoidably have varying degrees of motion perhaps less than tumors in the lung or liver.
In addition, it is easier to visually assess if there is motion blur in smaller and isolated nodules,
rather than assessing small structures of an organ such as the heart or the kidney, and this might
have limited the radiologists’ perception of respiratory motion blur if it was present in the
images.
4.6

Conclusion
This study is the first to investigate and consequentially find that the choice of CBM or SS

acquisition mode has no statistically significant impact on patient breathing, lesion
quantification and detectability, or perceived respiratory motion blur during PET/CT
examinations, suggesting that motion correction is not impacted by acquisition mode.
4.7
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Chapter 5: Discussion
In this dissertation we sought to overcome three major challenges that hinder the routine
utilization of respiratory motion correction which are: 1) poor image quality(high noise) of
motion corrected images, 2) the requirement to utilize external hardware for measuring
respiratory waveforms, 3) and irregular patient breathing. To address each of these challenges
we validated a solution to each of these problems in three specific aims respectively: 1)use of all
the data with elastic motion correction to improve image quality, 2)deviceless measurement of
respiratory waveforms with data driven gating, 3) and determination of whether PET acquisition
in CBM mode reduces breathing irregularities in comparison to SS acquisition mode.
5.1

Specific Aim 1
In Specific Aim 1 we sought to “Compare the performance of a pre-commercial version

of a vendor designed EMC algorithm in comparison to conventional motion correction
techniques.” The most important findings of this aim were that the EMDB algorithm had the
best performance when comparing the effects of noise, resultant motion blur and contrast to
noise ratio. These results are primarily due to the use of all the acquired data during
reconstruction as compared to other algorithms. In contrast, conventional motion correction
techniques use fractions of the acquired PET data and in this investigation we used HDChest
with 35% of the data, and PBG using 12.5% of the data for each phase. As expected, when
using smaller fractions of the data, the noise in the images increased in severity. We evaluated
the impact on quantification in a phantom study and found that while all motion correction
methodologies improved quantification, as the amplitude of the sphere motion increased,
EMDB underestimated the activity concentration, HDChest was closest, and PBGmax which
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uses the least amount of data had the largest overestimation of the activity concentration. In
addition, EMDB had the highest CNR of the motion correction techniques.
In the patient evaluations, similar trends were seen. All motion correction methods had
similar increases in SUV, except for PBGmax which had the highest increases in SUV. EMDB
also had the lowest increases in image noise in the healthy lung and liver tissue. EMDB was the
only method to improve the CNR. In an assessment of overall image quality, physicians
preferred the currently employed clinical reconstruction, SWB, which used all the data and had
no motion correction, followed in descending preference by EMDB, HDChest, and PBGmax.
Even though the EMDB images had reduced respiratory motion blur in the images and had the
smallest increases in image noise, the physician assessment scored SWB with the highest image
quality, suggesting that noise was the most important consideration for their evaluation.
SUVmax and SUVpeak are artifactually increased by image noise and so the increases we
measured in this aim for all of the motion correction methodologies are influenced by image
noise, but the artifactual increases for EMDB are the lowest due to utilization of all of the data
in the reconstruction. Due to these combined findings, this data supported our working
hypothesis which states: “due to utilization of all the acquired PET data during image
reconstruction, the EMDB algorithm will have superior performance characteristics when
compared to conventional motion correction methodologies”.
One limitation of the study was that a free-breathing helical CT was used for attenuation
correction of the patient reconstructions, which can lead to misalignments of the PET and CT
data resulting in inaccuracies in SUV quantification[72]. In addition, the EMDB algorithm
applies a respiratory waveform baseline correction which can improve quantification in cases of
a baseline drift in patient breathing, but this was not applied to the other motion correction
methodologies. This could have given the EMDB algorithm an unfair advantage. The PET data
was not acquired at the clinical table speeds, rather, a slower table speed over the chest or
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abdominal region with the tumor(s) of interest was used. For this reason, the results of this
study are not fully generalizable to clinical acquisition table speeds.

5.2

Specific Aim 2
In Specific Aim 2 we sought to “Evaluate the performance of a pre-commercial version of

a vendor designed CBM_DDG technique in comparison to a conventional external device.”
The motivation of this specific aim was to show that this CBM_DDG technique is sufficient to
replace external hardware and consequentially overcome the challenges associated with
utilization of external devices which impede the routine utilization of respiratory motion
correction. In the phantom evaluation, our study showed that as the amplitude of the spheres
increases, the correlation between the CBM_DDG and the ANZ waveforms increased.
Respiratory motion correction becomes more urgent as the amplitude of the respiratory motion
increases, and this shows that the algorithm’s performance is improved when there is a need to
correct for respiratory motion. In the patient study, we found that when removing cases in
which the ANZ respiratory waveform was poor, the average correlation coefficient between
ANZ and CBM_DDG was 0.80. Similar to what was observed in the phantom, for the patient
with the highest correlation coefficient there were large amounts of respiratory motion, and
conversely for the patient with the lowest correlation coefficient, there were small amounts of
motion. To test the similarity of quantification of the CBM_DDG images to the ANZ images,
non-inferiority tests showed that the CBM_DDG images remained with a non-inferiority margin
of -5% of ANZ for both SUVmax and SUVpeak in tumors impacted by respiratory motion. The
physician evaluation of the presence of respiratory motion blur showed that visually the
CBM_DDG images are non-inferior to the ANZ images. Given these findings this data
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supported our working hypothesis which states: “CBM_DDG motion corrected images will be
non-inferior to hardware-based motion corrected images”.
The CBM_DDG algorithm was designed and optimized for patient data. Therefore, one
of the limitations of the phantom evaluation is that the phantom did not represent the more
complicated biodistribution of activity in the body with moving and non-moving activity
distributions. The CBM_DDG algorithm relies on determining the anterior-posterior motion of
the chest and abdominal wall. This phantom did not provide this motion and so, the
CBM_DDG algorithm’s performance might have been underestimated in the phantom. In the
patient evaluation, some of the patients did not have lung or liver tumors and for these patients
we assessed F18-FGD foci which were impacted by respiratory motion. It is possible for the
visual evaluation of the images that evaluating foci in sites other than the lung or liver could
have biased the results, but only 5/43 patients were evaluated in this manner.
5.3

Specific Aim 3
In Specific Aim 3 we sought to: “Evaluate the impact of step and shoot (SS) and CBM

PET acquisition modes on respiratory motion correction.” In the previous aims, EMDB and
CBM_DDG have demonstrated great promise to overcome the challenges of image noise and
the requirement for external hardware. However, the efficacy of these and other motion
correction methodologies is still hindered by patients who have irregular respiratory waveforms.
For this reason, in Specific Aim 3, we sought to determine whether CBM could reduce the
incidence of irregular respiratory waveforms in comparison to SS. In CBM the patient is
continuously advanced through the scanner during the PET acquisition, while in SS the patient
is incrementally advanced into the PET scanner in overlapping positions. Due to these
differences in acquisition, we expected that the patient would be more relaxed in CBM and
therefore have more regular breathing in comparison to SS.
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We assessed the regularity of the respiratory waveforms by characterizing the respiratory
cycle duration, respiratory cycle amplitude, respiratory signal prominence, and optimal gate
width. The waveform analysis showed no statistically significant differences between SS and
CBM. Given the above findings, we did not expect for there to be a difference when comparing
the reduction of respiratory motion blur by measurement of quantification, detectability, and
Physicians’ assessment of respiratory motion blur reduction. Although both methodologies of
motion correction improved quantification and detectability, there were no statistically
significant differences between SS and CBM respectively. Finally, the Physicians’ assessment
showed there was no statistically significant difference in the motion blur reduction between SS
and CBM. Given the lack of any statistically significant findings, this data did not support our
working hypothesis which states: “CBM acquisition will reduce breathing irregularities in
comparison to SS acquisition and therefore, the motion corrected CBM images will have
superior motion reduction in comparison to the SS images.”
Regarding limitations, this study had 50 SS and 50 CBM patients, and so it might have
been underpowered to detect any statistically significant differences. To increase power, more
patients could have been recruited or the study could have been performed as a crossover study
in which each patient was scanned in each mode. For a crossover study it is uncertain if this
prolonged acquisition time would have an impact had on the patient respiratory waveform. In
this study, the patients had been scanned on average around four times, and so they were
familiar with what to expect in a PET/CT scan and the difference in acquisition modes might
not have impacted them as much in comparison to someone being scanned for the first time. A
final limitation is that these patients were not recruited to have lung or liver tumors, so in many
patients the evaluation of the impact on respiratory motion was performed using foci of 18FFDG in any organ impacted by respiratory motion, possibly making it not as easy to assess in
comparison to isolated lung and liver nodules.
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5.4

Future Applications
For Specific Aim 1, to overcome the mentioned challenges of misalignment with a free

breathing CT, future work could explore methodologies of aligning the EMDB PET data to the
free breathing CT. One method to align the PET data with the free breathing CT selects the
PET data from the same respiratory waveform amplitude range that the CT scan was acquired at
over that respective PET bed position[79]. This achieves improved alignment, but the PET
acquisition time must be lengthened to overcome using only a fraction of the data. In a
collaborative effort, we are currently evaluating a methodology that selects PET data which is
aligned based on amplitude with the CT at each axial CT slice position rather than for the entire
PET bed position. This alignment is performed based on an analysis of both the CT and PET
waveforms [52]. This aligned PET data, which is a fraction of the total data, is then used as the
reference image for the EMDB algorithm which should improve image quality. In this
dissertation, we found that the radiologists preferred the SWB images and we presume that this
is due to these images having a lower amount of noise in comparison to the EMDB images.
However, further investigation is warranted to determine why they preferred the SWB images
over the EMDB images. For the PET acquisition, the table speed was half of the default clinical
speed over the abdomen or thoracic region of interest, and so the image quality and resultant
quantitative measurements are not reflective of what would result with our clinical protocols.
To simulate the same clinical table speeds and while using the same patient population, this
could be performed by removing the necessary fraction of events from the range acquired at the
slower table speed. Likewise, it is important to know how the EMDB algorithm performs in
low count studies such as low activity injections, Y-90 post SIRT verifications, or multi
timepoint studies. The increase in noise that the EMDB images have is a result of the
determination of the blurring kernel between a noisy HDChest and the SWB image. For very
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low count studies, the accuracy of the registration and increases in EMDB image noise could
severely worsen. Likewise, this study could be achieved, by removing the requisite fractions of
the already acquired PET LIST mode data to simulate different levels of noise.
For Specific Aim 2, one of the most important future investigations to perform is a
phantom study to determine the lower limits of sphere to background ratios that the CBM_DDG
algorithm can reliably produce a respiratory waveform. Determining these limits is important
because correction of respiratory motion blur, especially for small objects with low contrast, is
needed the most as these objects are the hardest to visually detect and assess. This is especially
important in the lung in the scenario when the tumors are the only source of moving
radioactivity due the myocardium having low radiotracer update as well as the liver and spleen
being out of the field of view. A simulation of this scenario could be performed with patient
data, by inserting moving lesions of progressively decreasing contrast into the LIST mode data
set. A superior-inferior motion could be provided to the lesions based on the patient’s Anzai
respiratory waveform. Additionally, future work needs to investigate the impact that count rate
has on the CBM_DDG algorithm. Decreasing the total number of detected events increases the
noise in the time of flight histogram volumes which are used by the CBM_DDG algorithm to
determine the respiratory waveform. This could be performed with our patient data set by
removing progressively larger fractions of the LIST mode PET data. These concerns are
important for studies with very low counts such as Y-90 with a very low yield of positrons, or
multi-timepoint acquisitions. Another future investigation to perform is to determine how well
the CBM_DDG algorithm performs with newer radiotracers which have different
biodistributions and are being used routinely such as 68Ga-DOTATATE and 18F-Fluciclovine.
In Specific Aim 3 no statistically significant differences were found between the two
acquisition modes, perhaps due to the study being underpowered. To rule out that these findings
were caused by a lack of statistical power, a larger study is warranted. If this future
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investigation shows that CBM does not reduce the incidence of irregular respiratory waveforms,
then alternative options will need to be explored. One class of options that could reduce
irregular breathing is to invasively minimize respiratory motion through deep inspiration breath
holds, abdominal compression, or pulsatile flow ventilation,[33,53,80]. One challenge for deep
inspiration breath hold is that sick patients can have a hard time complying with the repeated
breath holds required to obtain enough breath-hold PET data. However, as the sensitivity and
timing performance of PET scanners improves, the total breath hold time needed will reduce
and make these interventions more practical. This could be achievable in a single breath
hold(15-30 s) with the whole-body United Imaging uEXPLORER PET system[81], but this
scanner is prohibitively expensive being equal in axial length to 6.5 times the next longest
clinically available PET scanner (uMI 780 PET/CT scanner (United Imaging Healthcare (UIH),
Shanghai, China)). Breathing motion can be reduced mechanically through abdominal
compression or pulsatile flow ventilation, but the major drawback is that they are both
uncomfortable, invasive, and require extra setup time. An additional benefit is that these
methods would achieve improved alignment between the CT and the PET data. Radiologists
prefer CT images of the lungs when fully expanded, and so pulsatile flow ventilation and deep
inspiration breath hold could provide this benefit. However, 60% of patients were shown to
have regular breathing[25], and to avoid subjecting this majority of patients who would not
benefit would require a-priori identification of patients with irregular breathing [82], or
identification of patients with irregular breathing during the examination and repeat a portion of
the scan. If these invasive solutions are to be used clinically, it will be requisite to minimize the
burden posed to patients and to the clinic. A more feasible option is one that requires no
intervention from the clinic or the patient, and this would be to develop respiratory motion
correction reconstructions that work for patients with irregular breathing. Recently, a NIH
funded grant (R01CA224140-02), “Personalized Task-Based Respiratory Motion Correction for
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Low-Dose PET/CT”, has set out to develop methods to triage the most time effective motion
correction approach and reconstruction type utilized for each patient depending on the degree of
breathing irregularities that are present. Successful completion of this research goal and
translation to a clinical product, is the ideal solution to the problem of breathing irregularities,
rather than using invasive methodologies.
For Specific Aim1 and Aim 2, the next step would be to perform a clinical evaluation on
the impact that the EMDB algorithm has on patient diagnosis, staging, and management. The
number of research studies which have evaluated the clinical impact on patient care when using
respiratory motion corrected images is relatively small and potential reasons for this is that the
motion corrected studies involve acquiring the PET data for a longer time to maintain
acceptable levels of image noise, the added complexity of needing external devices for
waveform measurement and the burden of prospectively identifying and consenting patients for
these studies. With the combination of EMDB and CBM_DDG, respiratory motion correction
research studies could be performed retrospectively by applying these motion correction
methodologies to LIST mode data acquired with the clinical default acquisition parameters.
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5.5

Conclusion
In this work we demonstrated that poor image quality which is characteristic of

conventional respiratory motion correction techniques is greatly reduced with the EMDB
algorithm while improving image quantification due to reductions of respiratory motion blur.
We also found that the Anzai external device which requires extra set-up time and is prone to
failure, can be replaced by the CBM_DDG algorithm to measure the patient’s respiratory
waveform. However, irregular patient breathing and the resultant degradations in image
quantification and quality were not mitigated by utilization of CBM in comparison to SS for
PET data acquisition. Therefore, our central hypothesis which states, “the application of EMC,
DDG, and CBM for respiratory motion correction in PET imaging will result in improved image
quantification and quality, decreased workflow complexity, and reduced patient breathing
irregularity during PET/CT imaging”, was not proven in entirety.
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Appendix
6.1

EMOCO Supplemental materials

The following is taken from:
http://jnm.snmjournals.org/content/suppl/2019/02/01/jnumed.118.213884.DC1/213884_Supple
mental_Data.pdf
The phantom was designed to move 5 spheres in three planes to simulate the elastic
motions of the thorax and abdomen. To achieve this 3D motion, the CIRS dynamic thorax
phantom (Norfolk, Virginia) motor moved the shaft of the phantom in the superior inferior
direction as shown in figure-6-1.

Figure 6-1 Top view of the phantom tank.
To simulate the anterior posterior motion of lung tumors, the stationary, superior attachment
point of the spheres was placed at a depth of 11 cm, and the inferior mobile connection point of
the spheres was placed at 6 cm, so that the depth of the spheres changed as the phantom moved.
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Furthermore, the attachment points of the spheres were spaced with less distance on the
superior, stationary attachment point, in comparison to the inferior attachment point, such that
the spheres paths diverged with inhalation, and converged with exhalation. The connection to
the spheres from the superior location was made with elastic bands, while the connection to the
mobile inferior shaft was non-elastic.
The spheres had inner diameters of 10, 13, 17, 22, and 28 mm. The spheres were placed in an
acrylic tank containing 16 liters of water. The spheres to background ratio was set to 5:1. A
motor drove the spheres using a repeated patient respiratory cycle that had a duration of 6 s.
Four acquisitions were performed in which the spheres were driven with 0, 1, 2, and 3 cm
amplitudes. The phantom motion was programmed such that the spheres always returned to the
same location for all acquisitions. During PET acquisition, the respiratory waveform was
acquired with the AZ-733V respiratory gating system (Anzai Medical Co., Ltd.; Tokyo, Japan),
by wrapping the belt around the surrogate motor platform as shown by the red arrow in the
figure 6-2.
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Figure 6-2 Setup of motion phantom. Surrogate motion platform and set up of Anzai belt
on the platform (red arrow).
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